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BYPASSING THE PAM REQUIREMENT OF THE CRISPR-CAS SYSTEM

Cross Reference to Related Applications
Thix application claims priority to UK, Provisional Application Kos. 62/340,265 (filed on
May 23, 2016) and 62/479,109 {filed on March 30, 2007}, which are incorporated herein by

reference in their entirety,

Sequence Listing
The mstant application contains a Sequence Listing which has been filed electronically in
ASCH format and is hereby incorporated by reference in its ensivety, Saud ASCH copy, created
on May 22, 2017, is named 01001-004900. WO St and is 6 KB in size,

Government License Righis
This invention was made with govermment support under Grant No. 1DFIZEBO18657-01
awarded by the National Institutes of Health (NIH). The government may have certain rights in

the invention.

Field of the Invention
The present invention relgies 1o methods and systems for modifying DNA and for geae
targeting, In particular, the present nvention relates to utiltzing the Clustered Regolarly
Interspaced Short Palindromic Repeats {(CRISPR}-Cas systems o target {e.g., cleave) a double-

stranded DA {dsDNA)Y independent of the protospacer adjacent motif {PAM}

Background of the Invention
The Cav/URISPR systent i3 a prokaryotic immune system that confers resistance to
toreign genetic elements such as plasmids and bacteriophages. The CRISPR/Cas® system
exploits RMNA-guided DNA-binding and sequence-specific cleavage of a target DNAL A guide
RNA (gRNA) are complementary fo a target DNA sequence upstream of a PAM {protospacer
adipcent motif) site, The Cas (CRISPR-associated) 9 protein binds to the gRNA and the target

DNA and introduces a donble-strand break (DSB) in a defined lovation upstreant of the PAM
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site. CGeurts ef al,, Science 325, 433 (20091, Mashimo et o, PLoN ONE 5, e8870 (2010}, Carbery
et al, Genetics 185, 451-45% (2010); Tesson et al,, Nat. Biotech. 29, 895-696 (2011}, Wiedenheft
et al. Nature 482 331-338 (2012); Hoek et al. Science 337 816-821 {2012); Mali et al. Science
339.823-826¢ {2013); Cong etal. Saience 339818823 (2013}, The ability of the CRISPR/Cas®
system 10 be programed 1o cleave not only vival DNA but also other genes opened a new venue
for genome engineering.

PAM 15 2 DNA sequence immediately following the DNA sequetce targeted by
the CRISPR/CasY system. It has been reported that FAM plays an essential role i DNA target
recognition. Doudoa et al, The new frontier of genome engineering with CRISPR/Cas9,
Science, 2014, 346(6213Y, 1258096, Althongh CRISPR/Cas? nucleases are widely used for
genome editing, the range of sequences that Cas9 can recognize is constrained by the need fora
specific PAM, As a result, # can offen be difficult to introduce double-strand breaks {DSBs) with
the precision that 15 necessary for varions genome-editing apphications. For example,
CRISPR/Cas? system can be used to either repress or edit genes. To repress effectively, the
target needs o be close to the promoter sequence. However, the target gene may not have a PAM
region, or the PAM region inay be at an undesirable location. Furthermore, the PAM requirement
also increases the likelihood of off-target mutations on other chromosomes. Kusen et al.,
Genome~wide analysis reveals characteristics of off-target sites bound by the Cas? endonuclease,
Nature biotechnology 32, No. 7 (2014): 677683

For the Cas? nuclease of Streprococcus pyagenes, the canonical PAM is the sequence 5~
NGG-3 where "N™ s any nucleotide. Ditferent PAMs are associated with the Cas® proteins of
other bacteria such as Nelsseria meningitidiz, Treponema denticala, and Strepiococens
thermophilus. For example, non-canonical PAM may be the sequence F-NGA-3 or SWNAG-¥

Attempts have been made to engineer Cas? enzymes to provide Uas? variants with

ftered PAM specificities, Kleinstiver ef al., Engineered CRISPR-Cas® nucleases with altered
PAM specificities, Nature, 2015, §23: 481-485.

Recently, Ma et al. reporied that CRISPR-Cas? sysiem can cleave single-stranded DNA
mndependent of the PAM region. Ma et al.| Single-Stranded DNA Cleavage by Divergent
CRISPR-Cas? Enzymes, Mol Cell, 2015, 60 (3), p3R8-407.

The prasent application provides for CRISPR-Cas? systems that can cleave double~

stranded DNA {(dsDNA) targets independent of the FAM region. Thus, it becomes possible to

o1
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target any DNA sequences sven if there is no PAM region. This invention provides flexibiliy to

choose any target sequence with the CRISPR/Cas9 system.
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Summary

The present disclosure provides for a systen: that targets a target sequence in a double-
stranded DNA, the sestent comprising: (1) a first RNA {e.g., sgRNA) comprising: {a 2 first
segment {e.z., ctRNA or gRNA) that hybridizes with the target sequence in a target strand of the
double-stranded DNA; and (b} a second segment {e.g., tractRN A} that hybridizes with the first
segment to form a double-stranded protein-binding motif; (i1} a second RNA (e.g, iRNA} that
hvbridizes with a sequence i 3 non-target strand of the double-stranded DNA: and
{111} a Cas enzyme or & variant thereof, wherein the first RNA {e.g., sgRNA) forms a complex
with the Cas enzyme or a vartamt thereof.

In certain embodiments, the second RNA hes about 14 to about 34 mucleotides,

The present disclosure provides for a DNA-targeting RNA {e.g., 5aRNA), comprising:
{1} a first segment {e.g., crRNA or gRNA) that hybridizes with a target seqguence m a target
strand of @ double-stranded DNA; (i) & second segment {e.2., tractRNA) that hybnidizes with the
first segment to form a doable-stranded protein-binding motif) and (i} a third sepment {e.g.,
IRNA) that hybridizes with a sequence in a non-target strand of the double-stranded DNA,
wherein the RNA forms a complex with a Cas emsyme or a variant thereof.

In certain etibodiments, the third segment has sbout 14 1o about 34 nucleotides.

The present disclosure provides for a systen that targats a target sequence in a double-
siranded DNA| the system comprising: (1) a first RNA {e.g., ooRNA or gRNA} that hybridizes
with the target sequence in a target strand of the double~stranded DNA; and (1) a second RNA
{e.g.. tracrRNAY that hvbridizes with the first RNA to form a double-stranded protein-tunding
motif: {111} a thivd RNA (e, IBRNA) that hybridizes with a sequence in a non-targe} strand of the
double-stranded DNA; and (iv) a Cas engymie or a variant thereof

Tt certain embodiments, the third RNA has abaut 14 10 about 34 nucleotides.

The present disclosure provides for & systern that targets a targed sequence i a double-
strancded DNA, the systens comprising: {1) a first DNA polynucleotide encoding a fisst RNA

{egr, sgRNA}, the first RNA comprising: {a) 8 first segment {e.z., crRNA or gRNA) that
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hybridizes with a target sequence m a target strand of the double-stranded DNA and (b) &
second segment {e.g., racrRNA) that hvbridizes with the first segment fo form a double-stranded
protein-binding motif] (11} 8 second DNA polynucieotide encoding a second RNA (g, iRNA),
wherein the second RNA hybridizes with a sequence in a non-target strand of the double-
stranded DNA; and (111} a third DNA polynuclentide encoding a Cas enzyme or a variant thereof,

In vértain embodiments, the second RNA has about 14 10 gbout 34 nucleotidés.

In certain embodinents, the first DNA polynucleotide, the second DNA polynucleotide,
and the third DNA polynucleotide are within a vector {located on the same vector}. In certain
embodiments, the first DNA polynucleotide, the second DNA polynucieotide, and the third DNA

polymucleotide are located on different vectors {e.n., two, three or more vectors).

The present disclosure provides for a system that targets a target sequence in a double-
stranded DNA, the system comprising: (i} a first DNA polynucleotide encoding a first RNA
{e.g.. isgRNAY, the first RNA comprising: {3) a first segment {e.g., coRNA or gRNA) that
hybridizes with a target sequence in a target strand of the double-stranded DNA; and (b) 8
second segment {e.g., traceRNA) that hybridizes with the first segment {0 form a double-siranded
protein-binding motit) and (¢} a third segment {e.g., IRNA) that hybridizes with a sequence im a
non-target strand of the double-stranded DNA; {if) @ second DNA polynucleotide encoding a Cas
enzyme or a variant thereof,

In certain exnbodiments, the third segiment has about 14 to ghout 34 nuclpotides.

I certain ernbodiments, the first DNA polvaucheotide snd the second DNA
polynucleotide are within a vector (located on the same vectar). In certain embodiments, the first
IINA polynucleotide and the second DNA polynucleotide are located on different vectors {e.g.,

TWO OF MOTe vaekorsh

The present disclosure provides for a system that targets a targe! sequence i a double-

stranded DNA, the system comprising: (1) a fust DNA pelynucleotide encoding a first RNA

{e.g., orRNA or gRNA), wherein the first RNA hybridizes with & tavget sequence in g target

strangd of a double-stranded DNA (1) 2 second DA polyouclectide encoding a second RNA
{2.g., tractBRNA), wherein the second RNA hybridizes with the first RNA to form a douable-

stranded protein-binding motif] (141) a third DNA polyvouciectide encodimng a third RNA (e,
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IRNA), wheretn the third RNA hybridizes with a sequence in a non-target strand of the double-
siranded DNA; and (iv} a foorth DNA polvnncleotide encoding @ Uns enzyme or a varignd
thereof.

in cértain embodiments, the third RNA has about 14 10 ghout 34 nucleotides.

In certain emboduments, the first DNA pelynucleotide, the second DINA polynucleotide,
the third DNA polyauclentide, and the fourth DNA polynuclentide are within s vertor (focated
on the same vector}. In certain embodiments, the first DNA polynucleotide, the second DNA
polynucleotide, the third DNA polynucleotide, and the fourth DNA polynucleotide are located on

different vectors {e.g., two, three, four or more vectors),

The present disclosure provides for a method of tarpeting a target sequence in a double-
stranded DNA, the method comprising the step of contacting the double-stranded DNA with a
system compristyr: (1) a first RNA, or 2 DNA polynucleotide encoding 8 first RNA, wherein the
first RNA (e.g., sgRNA) comprises: (g} a first segment (e.g., orRNA or gRNA) that hybridizes
with a target sequence in a target strand of the double-stranded DNA; (b} a second segment {e.g.,
tractRNA) that hybridizes with the first segment to form a double-stranded profein-binding
motifl (1) a second RNA, or a DNA polynucleatide encoding a second RNA, wherein the second
RNA {e.g.. iRNAY hybridizes with g sequence in a non-target strand of the double-stranded
DINA; and (11} a Cas enzyme protein or a variant thereof, of a DNA polynucleotide or s RNA
polynucleotide encoding & Cas enzyme or @ variant thereef,

In certain enbodiments, the second RNA has about 4 about 34 mucleotides.

The present disclosure provides for a method of targeting a target sequence in a double-
stranded DNA, the method comprismg the step of contacting the double-stranded DNA with a
system comprising: {1} & DNA~targeting RNA, or a DNA polynucleotide encoding a DNA-
targeting RMNA, wherem the DNA-targeting RNA {e.g., iIsgRNA) comprises: {a} a first segment
{e.g., ctRNA or gRNA} that hvbridizes with a target sequence w a target strand of the double-
stranded DNA; (b) a second segment {g.g., tracrRNA) that hybridizes with the first segment to
form a double-stranded protein-binding motif] and (¢} a third segment {2.g., IRNA) thar

hvbridizes with a sequence in 8 non~target strand of the double-stranded DNA; and (Y a Cas
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enzyme or a variant thereof, or a BNA polynucleotide or a RNA polynucleotide encoding a Cas

engyme or 8 variant thereof)

The present disclosure provides for a methed of targeting a target sequence in a double-
stranded DNA in a cell, the method comprising the step of introducing o the cell a system
comprising: {i) a first RNA, or a DNA polynucleatide encoding a first RNA, wherein the fust
RNA (g8, 3gRNA) comprises: {(a) a first segment (g2, crRNA or gRNA) that hybridizes with a
target sequence in a target strand of the donble-stranded DNA; and (b} a second segiment {e.g.,
tracrRNA} that hybridizes with the first segment to form g double-stranded protein-binding
motif; and (it} a second RNA, or 3 DNA polynucleatide encoding a second RNA, wherein the
second RNA (e.g., iIRNA) hybridizes with a sequence in a non-target steand of the double-
siranded DNA.

In certany embodiments, the coll expresses a Cas engyme.

In cortain embodiments, the method further comprises delivering tnto the cell (1} a DNA
polynucieotide encoding g Cas enzvme or g variant thereof, (i) 1 RNA polynuclentide encoding

a Cas enzyme or g vartant thereof, or (111} a Cas enzgyime or a variant thereof.

The present disclosure provides for & method of vargeting @ target sequence in g double-
stranded DNA in a cell, the method comprising the step of introducing into the cell 2 DNA-
targeting RNA, or a DNA polvnucleatide encoding 8 DNA-targeting RNA, wherew the DNA-
targeting RNA {eg. isgRNAY comprises: {a) a first segment (e g, ctRNA or gRNA} that
hybridizes with a target sequence in a target strand of the double-stranded DNA{ (b} a second
segment {e.g., tracrRNA) that hybridizes with the first segment o form a double-stranded
protein-binding motifl and (¢} a third segment (2.g., IRNA) that hybridizes with a sequence ina
non-target strand of the double-stranded DNA.

In certain embodiments, the cell expresses a Uss ensyme,

In certain embodiments, the method further comprises debivering o the cell (i) a DNA
podymucleotide encoding & Cas enzyme or & variant thereof, (i) 2 RNA polynuclentide encoding

a Cas enzyme or & variant thereof, or (111} a Cas engymme or a variant thereof.
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The target sequence may or may not be immmediately flanked by a protospacer adjacent
motit (PAM).

The present disclosure also provides for a polynucleotide, such ss 2 DNA polynucleotide,
encoding one or more of the presert CRISPR components including the iIRNA, isgRNA, sgRNA,
SrRNA, gBNA, traceBRNA efc, and the Cas enzvose or a variant thereof.

The present disclosure provides fora vector {of a construct, etc.) comprising the present
polynucleotide, such as the present DNA polynucleotide. The vector (or construct, eic} encodes
one or more of the prasent CRISPR components including the IRNA, sgBNA, sgBNA, orBNA,
SRNA, tracrRNA ete,, and the Cas enzyme or a vanant thereofl

The present disclosure provides for a cell comprising the present polymucleotide, such as
the present DNA polynucicotide, the present vector {or constrogt, etg. ), and/or one or more of the
present CRISPR components including the sBRNA| iwgRNA, sgBRNA, oRNA, gRNA | racsRNA
gte., and the Cas enzyvme or a variant thergof

The present disclosure provides for a kit comprising the present svstem, the present
polynucleotide, such as the present DNA polynacleotide, the present vector {or construct, atc.},
andfor one or more of the present CRISPR components including the IRNA, isgRNA, saRNA,

crRNA, gRNA, acrRNA etc., and the Cas enzyime or a variant thereof,

In certain embodiments, the Cas enzyme is Cas9, Casl, CaslB, Cas2, Cas3, Casd, Cash,

Cast, Uns?, Cas8, Casl0, Cevl, Cay2, Usy3, Usel, Cse2, Oscl, Tsel, Csad, Osn2, €
Csmed, Osimd, Camd, Coel, Cooed, Coned, Coned, Canrs, Csbl, CshZ, Csbid, Cax 17, Csnld, Csx 1,

Csxie, CsaX, Csx3, Csx, Csx13, Csfl, TUsf2, Csf3, Csfd, Cpfl, homologs thereof, orthologs

2. TUsm3,

thereof, or modified versions thereof, In one embodiment, the Cas ensyme is Cas®,

In certain embodiments, the Cas enzyime comprises ong of morg mutations.

sukaryotic cell, such as & manmabian cell, or a haman cell.

In certain embodiments, the Cas enzyme or 4 vartand thereof cleaves the target sequence.
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Brie! Description of the Drawings

Figures 1A snd 1B show different sivategies to target a dsDNA with the CRISPR-Cas® system
1 g PAM-independent manner. The invader RNA which hybridizes with the non-target DNA
strand can be covalently Hinked to the sgRNA {Figure 1A}, or can be supplied separately in

combination with the sgRNA (Figure 1B).

approaches involving an invader RNA. A 2148-bp dsINA was targeted by etther (1) Uas9 plus
an 1sgRNA, or (i) Cas? plus an sgRNA and iRNA. The farget regions of the dsDNA do not
contain canonical PAM sequences, The reaciions were loaded to a 1% agarose gel and analyzed.
The two 3pRNAs were named as isgRNA 580 and 5gRNA 591 based on their respective
cleavage sites in the dsDNA. Similarly, the two sgRNAg were named as sgRNA 580 and sgRNA
391 based on thelr respeotive cleavage sites o the dsDNAL Lane 37 1sgRNA 391 {sgRNA
covalently hinked to invader RNAY + Cas9; molar ratios of DNA - Cash ; 1sgRMA 591 are

P 10010 Cleaved DNA can be seen. Lane 40 1sgRNA 380 (sgRNA covalently linked to mvadey
RNA)+ Cas9; molar ratios of DNA : Cas® 1 isgRNA 880 are 1:10:10. Cleaved DNA can be
seen. Lanes 0-10: Cas® + sgRNA {crRNA-tractRNA) + a separate mvader RNA. Lane 6 molar
ratios of DNA ; Cas® {sgRNA SPIOIRNA SO are 11100100100, Lane 7 molar ratios of DNA
Cas? [ sgRNA 580 iRNA 380 are 1110:10:100. Lane 8: molar ratios of DNA « Cas® : sgRNA
591 iRNA 591 are 1:10:10:1000. Lane 9: molar ratios of DNA - Cas® : sgRNA 580 iRNA 380
are 1:10:10:1000. Lane 10 molar ratios of DNA L Cas9 1 sgRNA [ IRNA SR80 - Cag®: sgRNA
591 IRNA 591 are | DNA ;10 Cas9 o 10 spRNA S80: 100 1RNA 580 10 Cas®: 10 spRNA 391
100 IRNA 591, For the reaction of lane 10, the set of Cas9, 3gRNA 591 and iRNA 591 was
added 30 minutes later than the set of Cas®, suRNA 580 and iRNA 380, Control assays inchude
the following: lane 12 dsDNA only; lane 2; Cas® without any guide RNA; lane S: Cas® with g
wild type sgRNA {no invader RNAJ. For lane §, the molar ratios of DNA © Cas9 1 sgRNA are
11010, Lane Mo 1 kb DNA ladder (NEB),

Figure 3 shows that Cas9 cleaves a dsDNA substrate i the absence of PAM by two differem
approaches involving an myvader RNA. A 2148-bp dslINA was targeted by either (i) Cas?® plus

an ISgRNA, or (i) Cas® plus an spRNA and (RNA. The target regions of the dsDNA do not

9
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contain canonical PAM sequences. The reactions weve loaded to 8 1% agarose gel and analyzed.
The two 13gRNAs were named as isgRNA 380 and 13gRNA 591 based on thewr respective
cleavage sites in the delINA. The two sgRNAs were named as sgRNA 580 and sgRNA 391
based on their respective cleavage sifes in the dsDNA. Lane 11 2 kb-dsDNA only {control). Lane
2: 2 kb-dsDINA {with no PAM near target sequence) + 15gRNA SR80, Lane 30 2 kb-dsDINA (with
no PAM near target sequence ) + isgRNA 5891, Lane 4: 2 kb-dsDNA {with no PAM near target
sequence) + sgRNA SR80+ invader RNA SR80, Lane 51 2 kb-dsTINA {with no PAM near target
sequence) + spRNA $891 + invader RNA 391 Lane 67 2 kb-dsDINA {with no PAM near target
sequence) + sgRNA 380 + sgRNA 591 + corresponding tnvader RNAs (IRNA 580 and IRNA

5913, Cash was also added to lanes 2-6,

Figure 4 shows that Cas9 cleaves an ssDNA substrate i the absence of PAM by two different
approaches involving an tnvader RNA. Four different assays were prepared with two 80-nt
ssDINA substrates. The assays had (1) the ssDNA only (lanes 2 and 3); (31) the ssDNA and Cas®
without any guide RNA {lanes 4 and 5); (it1) the ssDNA, Cas?, and spRNA {crRNA-tracrRNA)
and a 28-nt iIRNA which hybridizes with a sequence of the ssDNA {(lanes 6 and R); or (iv)
ssDNA and IRNA (lanes 7 and 9). The reactions were loaded to 4% agarose pel which was
stained with Gelred (Biotium). Lane 11 ORangeRuder 10 bp DNA Ladder. Lane 2: ssDNA-
only. Lane 3: ssDNA-2 only. Lape 47 ssDNA-2 + Cas®. Lane & ssDNA-L + CasY. Lape &
ssDINA-T + Cas® + orENA-iracrANA + {RNA. Lane 7 ssDNA-T +1RNA. Lane & ssDNA-2 +

Cas® -+ orBNArace RNA + IRNA. Lane 00 asDNALR +iRNA

18



WO 2017/205290 PCT/US2017/033835

Petailed Description

The present disclosure provides for CRISPR-Cas systems that can target {e.g, cleave) a
double-stranded DNA (dsDNAY independent of the PAM egion. By uribzing an tnvader RNA
{IRNA) to separate af least one portion of the dsDNA, the present system and method offer great
flexibility to modify a large range of DNA tasgets.

T certain emibodinents, a portion of the target dsDNA is wansiently separated by an
invader RNA which binds to the non-target strand of the dsDNA. The transtion from dsDNA to
two $sDINA strands creagtes a bulged &sDNA, Following bulging, a guide RNA binds to the
target sequence of the target stramd of the dsDNA, which will allow the Cas enzyme 1o target
{e.g., cleave) the ssDNA without the need for a PAM region. In one embodiment, sirand
separation of the dsDNA and Cas binding are synchronized.

Once the first strand of the target DNA is fargeted {e.z., cleaved), the second strand may
or may not be targeted similarly using the present CRISPR-Cas svstem independent of the PAM
region. In certain embodiments, the second strand of the target DNA is targeted (e.g., cleaved)
about 20 nacleotides, about 19 nucleotides, about 18 mucleotides, about 17 nucleotides, shout 18
aucleotides, shout 15 nucleotides, about 14 nucleotides, about 13 nucleotides, about 12
nucleotides, or about 11 nacleotides, from the target site {e.g., the cleavage site) of the first
strand {upstream or downstream)}. In certain embodiments, the second strand of the target DNA
is tarpeted {2.g., cleaved) more than about 20 nucleotides from the target site (8.g., the cleavage
sitey of the first stvand (upstrean or downsiream}. When both strands of the target DNA are
cleaved by the present systen, the double-strand break may produce a sticky-ended DNA or a
blant-ended DNA.

Az used herem, an invader RNA (IRNA} is complementary to a nucleic acid sequence in
a non-targed strand of a dSDNA In vitro or 1n g host cell, whereas the gRNA targets the
CRISPR/Cas complex 1o a target aucleic acid sequence in a target strand of a dsDNA. In
general, au IRNA is any polynucleotide sequence having sutficient complementarity with a
sequence in 8 non-target strand of a dsDINA to hybridize with the sequence, thus inducing
separation of at leagt ong portion of the dsDNA wito ssDNAs

Each construct or vector of the present system may encode or contain one, two of more

iIRNAs orisgRNAs. Maltiple (two or more} itRNAs or isgRNAs can be used {o assist the

1t
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CRISPR-Cas system to target multiple different genes simultansously, or target different sites of
the same gene,

As used herein, a CRISPR component refers to any of, an iIRNA, an isgRNA, a gRNA 2
crRNA, 7 tracrRNA, an sgRNA, a chimeric RNA, and a Cas enzyime.

“Complementarity” refers to the ability of a nucleic acid to form hydrogen bond{s} with
another nucleic acid sequence by either traditionsl Watson-Crick base pairing or other non-
traditional types of pairing. “Substantially complementary™ refers to a degree of complementarity
that is about or more than about 60%, 63%, 70%, 73%, 80%, 85%, 90%, B3%, 97%, B8%, 99%,
or 100% over aregion of 8, 9, 10, 11, 12, 13, 14, 15,16, 17, 18,19, 20, 21, 22, 23, 24, 25, 30,
35,40, 45, 50, or more nucleotides {e.¢., contignous nucleotides), or refers o two nucleic acids
that hvbridize under siringent conditions.  As used herein, "stringent congditions” for
hyhridization refers to conditions under which a sucleic acid having complementarity to & target
sequence predominantly hybridizes with the target sequence, and substantially does not hybridize
to non-farget sequences. Stringent conditions are generally sequence-dependent, and vary
depending on a pumber of factors. Nop-limiting examples of stringent conditions are described
i detail in Tijssen (1993}, Laboratory Technigues in Biochemistry and Molecular Biology-
Hybridization with Nucleic Acid Probes, Part 1, Second Chapter "Overview of principles of
hybridization and the strategy of nucleie acid probe asssy”, Elsevier, NJY.

The present disclosure provides for a DNA-targeting RNA, or DNA polynucieotide
encoding a DNA-targeting RNA | where the DNA-targeting RNA comprises: (i) a first segment
{e.g., orRNA or gRNAY that bybridizes with a target sequence in a target strand of a double-
stranded DNA; {11} a second segment {e.g., tractRNA) that hybridizes with the first segment
{e.g., to form a double-stranded protein-binding motif}); and (31) a third segment (e.g., mvader
RNA j that hybridizes with a sequence i 3 non-target strand of the double-stranded DNA, The
RNA can form a complex with a Cas engyme or 8 variant thereof

The RNA that includes a first segment {e.g., cxRNA or gRNA), a second segment {e.g.,
tracrRNAJY and a third segment (o.g., wvader RNA) may be referred 10 a5 Mvader sgRNA" or
“I5gRNAT

Onge embodunent of the present discloswre 15 shown in Figure 1A

The present disclosure also provides for a DNA-targeting system that comprises ot

gacodes at least two RNA molecules: (1) a first RNA {e.g., an sgRNA comprising crRNA~
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tractRNAY comprising: {a) 8 first segment (e.g., crRNA or gRNA) that hybridizes with the targst
sequence in a target strand of the double-siranded DNA; and {b) a second segment {e.g.,
fractRNA} that hybridizes with the first segnent to form a double-stranded protein-binding
motif; and (1) 2 second RNA {e.g., invader RNA) that hyvbnidizes with a sequence in & non-target
strand of the double-stranded DNA, The double-stranded protein-binding motif formed by the
first segment and second segment of the firtst RNA may form a complex with a Cas enzyme or g
variant thereof,

One embodiment of the present disclosure is shown in Figure 1B.

The present disclosure provides for a systemn that targets g target sequence i a double-
stranded DNAL The svstem may comprise oy encoder {1} a first RNA (2.g., crRNA or gRNA) that
hvbridizes with the target sequence in a target strand of the double-stranded DNA; (3} a second
RNA {e.g., ractRNA) that hybridizes with the first RNA to form a double-stranded protein-
binding mouf;, {111) a third RNA {o.g., invader RNA}) that hybridizes with a sequence in @ non-
target strand of the double-stranded DNA; and (iv} a Cas enzyme or a variant thergof. The
double-stranded protein-binding motif formed by the first RNA and the second RNA may forma
comaplex with a Cas enzyine or a variant thereof.

The present disclosure provides for a DNA-argeting svstem that comprises or encodas at

Teast two RNA molecudes: (1) a fivst RNA comprising: {a) a first segment {e.g., ¢rRNA or gRNA)
that hybridizes with the target sequence in a target strand of the double-stranded DNA; and (bia
second segment (g, tnvader RNA}Y that hybridizes with a sequence n & non-target strand of the
double-stranded DNA; and {11} a second RNA {e.g . tracrRNA) that hybridizes with the first
segment of the first RNA to form 8 deuble-stranded protein-binsding motif. The double-stranded
protem-binding motif may form a complex with a Uss enzyme or a variang thereof

The present disclosure provides for a DNA-targeting system that comprises or encodes at
least two RNA molecules: (i) a first BNA {e.g., otRNA or gRNA} that hybridizes with the target
sequence in # target strand of the double-stranded INA; and (i) a second RNA comprising: (a) a
first segment (8.g., tractRNA) that hybridizes with the first RNA to form a double-stranded
protem-hinding motif and () a sevond segment (e, tnvader RNA) that hybridizes with a
sequence in g non-target strand of the double-stranded DNA. The double-stranded protein-

binding motif may form a complex with a Cas enzyme or a variant thereof.
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The present invader RNA may be veplaced by, and/or be used in combmation with, an
mvader polynucleotide, such as an mvader ssDNA, The wvader polyvnaclectide binds 1o the non-
target strand of 8 dsIINA {o separate at least one portion of the dsDINA.

The terms “polynucientide”, “nucleonide™, “nuclectide sequence”, “nucleic acid” and
“oligonucleotide”™ are used interchangeably, These terms refer to a polymeric form of
nucleotides of any length, deoxyribonucleotides and/or vibonueleotides, or apalogs thereof. An
invader polynucleotide may be a DNA, an RNA, a DNA-RNA hybrid, a protein nucleie acid
{PNA} formed by comjugating bases to an amino acid backbone, ete. Aninvader polynucleotide
may also mnclude g nucleie acid confamng modified bases, for example, thic-uracil, thio-guanine
and fluoro-uracil, etc. Invader polyoucieotides encompass nucleic acids containing one or more
nucleotide anslogs or modified backbone residues or linkages, which are syathetic, naturally
acawring, and non-naturally ocowring. The nucleic acids may also be modified by many means
known m the art. Nor-linnting examples of such madifications melnde methylation, "caps™,
substitution of one or more of the naturally occuring pucleotides with an analog, and
mternucleotide modifications such as, for example, those with uncharged linkages {e.g., methyl
phosphonates, phosphoiriesters, phosphoroamidates, and carbamates) andd with charged linkages
{e.g., phosphorothioates, and phosphorodithioates). Polynucleotides may contain one or more
additional covalently linked moeties, such as, for example, proteins {e.g. nucleases, toxing,
antibodies, signal peptides, and poly-L-lysine), intercalators (e g, acridine, and psoralen),
chelators (vg., metals, radioaciive metals, iron, and oxidative metals), and allodators. The
polynacleotides may be derivatized by formation of & methyl or ethy! phosphotriester or an alkyl
phosphomamidate linkage. Modifications of the ribose-phosphate backbone may be done
faciliate the addition of labels, or to increase the stability and halflife of such molecules i
physiological environments, Nucleie acid analogs can find use in the methods of the invention as
well as puxtores of naturally occurring nucleic geids and analogs. Furthermore, the
polynuclectides herein may also be modified with a label capable of providimg a detectable
sigual, either directly or indirectly. Exemplary labels include radinisotopes, fluorescent
molecules, and iotin. In certain embodiments, one or more nuclectides within a polynucleotide
ave madified. In certain embodiments, the sequence of polynisleotide is interrupted by non-
nucleotide components. In certain embodiments, a polvaucleotide may also be modified after

polymerization, such as by conjugation with a labeling agent.
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The target sequence may or may not be immmediately flanked by a protospacer adjacent
motif (PAM),

In certain embodinments, the molar ratio of an IRNA to an sgRNA may range from about
500:1 1o about 11100, 400:1 10 about 1:80, 300:1 ¢ about 1:60, 200:1 1o about 1:50, 2001 o
about 1330, fom about 200:1 to about 1:20, from about 153001 fo about 1:15, from about 101 o
about 110, from ahout 88:1 to about 1.3, from about 60:1 1o about 1:2, From about 30:1 1o abouwt
11, from about 40:1 to about 111, from abowut 30:1 to about 141, from about 20:1 to about 1:1,
from about 151 10 about 1:1, from abowt 1011 to about 1:1, from about 8:1 {0 about 111, fom
about 501 to about 1; 1, from about 5:1 1o about 111, from about 41 to about 111, from about 3.1
to about 113, or from about 2:1 to about 1:1. In certain embodiments, the meolar ratio of an IRKA
to an sgRNA is about 101,

In certain embodiments, the molar ratio of an IRNA to a coRNA may range from about
J00:1 1o about 12100, 400:1 1o about 1:80, 300:1 o about 1:60, 200:1 to about 1:50, 200:1 1o
about 1:30, fom about 200:1 to about 1:20, from about 15041 to about 1:15, from about 1080:1 to
about 1:10, from gbout 80:1 1o about 1.5, from abeut 6011 to about 1.2, from about 3001 jo about
i1, from about 40:1 to-about 1, from abowt 30:1 0 about 111, from ghout 20:1 o about 111,
from about 15:1 to about 111, from about 10:1 to about 1:1, from about 8:1 1o about 121, fom
ghout &1 40 about 1:1, from about 5:1 10 about 1}, from about 4;1 to gbout 111, from about 3:1
to about 111, or from about 2:1 10 about 111, In certain embodiments, the molar ratio of an iIRNA
to a orRNA s about 1001,

bt certain ensbodiments, the molar ratio of an IRMA 1o 8 gRNA may range from abont
300:1 to about 1:100, 400:1 to about 1:80, 300:1 to about 1:60, 200:1 o about 1:50, 200:1 1o
about 1:30, from about 200:1 to abowt 1:20, from about 150:1 to about 1:13, from about 101 to
about 110, from about 8011 o abowt 15, from about 60:1 1o about 1:2, from abowt 30:1 1o about
1:1, from about 401 to abont 11, from about 381 to about 111, from about 20:1 to about 111,
from about 15:1 1o about 111, from about 10:1 to about 121, from about 8:1 to shout 121, from
ahout 5.1 to about 111, from about 571 1o about 11, from about 4:1 to aboot 111, from about 3:1
o about 1:1, or from about 2,1 o sbout 111 In cerlain embodiments, the molar ratio of an iIRNA
to g gRNA is abont 1001,

In certain embodiments, the molar ratio of an IRNA to 2 tractRNA may range from about

300:1 to about 1:100, 400:1 1o about 1:80_300:1 ic about 1:60, 2001 o about 1:50, 200:1 o

I
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about 1:30, from about 20001 1o about 1:20, from about 15441 to about 1115, from about 100:1 1o
about 1:10, from about 30:1 to about 1.3, from about 6011 1o about 1.2, from about 3001 {o about
121, from about 4011 to abeut 111, from about 30:1 to about 111, from about 20:1 to about 111,
from about 1571 1o about 111, from about 10:1 1o about 111, from about 8:1 to about 111, fom
about 8.1 to about 1:1, from about 31 to about 111, from about 4:1 to shout 111, from about 3:1
to about 123, or from about 211 to about 1:1. In certain embodiments, the molar ratio of an IRNA
to 8 tracrRNA is about 10;1.

In certany erabodiments, an myvader RMNA exists ay a molecule separate from the single
gude RNA (3gRNAY which contains rRNA and traorRNAL In contaim embodiments, an invader
RNA exists as a molecule separate from orRNA and tractRNA. In certain embodiments, an
mvader RNA can exist as a portion {e.¢., the third segment) of a single RNA molecole that also
mcludes the crRNA and racrRNAL In certam embodiments, the invader RNA can be covalently
linked o ¢RMA, orRNA and/or tracrBNAL

An tavader RNA {reforred to as “the third segiment of the RNA”, “the second RNA", or
“the third RNA” ete. in various embodiments of the present disclosure), can have a length from
about 12 nacleotides fo about 100 nucleotides. For example, an invader RNA can have a length
of from about 12 nucleotides {nt) to about 80 ni, from sbout 12 ntto about 50 nt, from about 12
nt to ghont 40 nt, From ghout 12 nt 1o about 30 nt, from ghout 12 nt 1o abowt 25 ut, from ahout 12
1t to about 20 nt, or from about 12 1t to about 19 nt. For example, an imvvader RNA can have a
length of from about 19 1t to about 20 1t, from about 19 nt e about 2% ut, from about 19 ni 1o
about 30 i, from about 19 nd to about 35 ot from about 19 0t to about 40 01, from gbout 1% ot to
about 45 ut, from about 19 nt e about 50 nt, from sbout 19 ot to about 60 nt, from about 19 nt e
about 70 nt, from ahout 19 nt {0 abowt 80 nt, from about 19 at to abowt R0 nt, from about 19 nt to
about 100 nt, from about 20 nt to about 25 of, fom about 20 nf to about 30 nt, from about 20 nt
to about 35 nt, from about 20 nt to sbout 40 ut, from about 20 a1t to about 45 nt, from abhout 20 nt
to about 50 af, from about 20 nt to about 60 uf, from about 20 nt to about 70 nt, from about 20 nt
to about 80 nf, from about 20 ni to gbout 90 nt, or from about 20 »f to about 100 1t In cerfain
embodiments, an invader RNA has about 10 to about 30 aucleoiides, about 12 o about 40
nucleotides, about 14 to shout 34 nucleotides, about 1¥ 10 about 30 nucleotides, about 20 10
about 34 nucleotides, or abowt 28 to about 34 nucleotides. An invader RNA can have fewer than

12 nucleotudes or greater than 100 nucleotides,

16



WO 2017/205290 PCT/US2017/033835

An mvader RNA {referred 1o as “the third segment of the RNA”, “the second RNA™ or
“the third RNA” etc. in vanious embodiments of the present disclosure) may comprises §, 9, 10,
12003, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25 or more contignons nucleotides that have
100% complementarity 10 & sequence in the non-target strand of a dsDINA, or 0 & sequence n @
DINA or RNA, The nucleotide sequence of the invader RN A that is complementary 10 a sequence
n the non-target strand of a dsDNA, or to & sequence m a DNA or RNA, can have a length of at
least about 12 nt. For example, The nuclectide sequence of the invader RNA that is
complementary to a sequence in the non-target strand of a dsDNA, or to a sequence in a DNA or
RNA, can have g length of at least about 12 wt, at least about 15 nt, at least about 18 at, at feast
about 19 nt, at least about 20 nt, at least about 25 nt, at least gbout 30 nt, at least about 35 nt ov at
least about 40 nt. For example, The nucleotide sequence of the invader RNA that is
complementary to a sequence in the non-target strand of a dsDNA, or o a sequence in g DNA or
RNA, can have g length of from gbowt 12 nucleotides {nt) to about 80 nf, from about 12 ui w0
about 50 nt, from shout 12 at o about 45 nt, from about 12 nt to about 40 nt, from about 12 ntio
about 35 nt, from about 12 nt to about 30 nt, from about 12 nt o about 25 ot from about 12 nt to
about 20 nt, from about 12 nf to about 19 nt, from about 19 0t 10 about 20 nf, From about 19 nt o
about 25 nt, from about 19 nt 1o about 30 mt, from about 19 nt to about 35 nt, from about 19 st to
ahout 40 nt, from shout 19 nt io about 43 mt, from gbout 19 nt o about 50 nt, from abowt 19 ntio
about 60 nt, from about 20 at 1o about 25 nt, from about 20 0t to about 30 nt, from about 20 nt to
about 35 nt, from about 20 ot about 40 nt, from about 20 ot 0 sbiout 45 nt, from about 20 nt to
about 30 o, from about 20 at to about 60 nt, or from about 28 ut to about 34 nt.

The percent complementarity between the nvader RNA {referred 1o as “the third segment
of the RNA”, “the second RNAY, or “ihe third RNA” ete, in various embodinents of the present
disclosure) and a sequence in the non-target strand of a dsDNA, ora sequence m a DNA or
RNA, can be at least 60%, at least 53%, at least 70%, at least 758%, at least 80%, ot least 85%, at
least 90%, at least 95%, at least 979, at least 98%, at least 99%, or 100%, over 7, 8.9, 10, 11,

12, 13, 14,15, 16, 17, 18, 19,20, 31, 22, 23, 24, 25 or more contiguous nucleotides.

CrRNA or pRNA {referred to 85 “the first segment of the RNAT, “the first segment of the
first RNA”, or “the first RNA™ efe. in various embodiments of the present disclosure) can have 1

length ranging from about 12 nuclectides 1o about 100 nucleotisdes. For examaple, orRNA o
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gRNA can have a length ranging from abont 12 puclectides (nt} to about 80 n, fons about 12w
to about 30 nt. from about 12 nt{o about 40 ut, from about 12 ntto about 30 nt, from about 12 at
tos about 235 at, from about 12 at to about 20 at, or from about 12 ntto about 1Y nt. For example,
the first sepment (e.g., crRNAj can have a {ength of from ghout 12 nt to abont 20 at, from abont
190t to aboui 25 nt, fromy about 19 ntto about 30 nt, from aboui 19 i to about 33 at, from abowt
19 nt 1o about 40 1, from about 19 1t 1o about 45 nt, frony about 19 it 1o about 30 a1, from about
19 nt {o abowt 60 nt, from about 19 nt to about 70 w, from about 19 nt to about 80 ni, from about
12 at 1o abowt 90 nt, from about 19 nt to about 100 nt, from about 20 nt to about 25 nt, from
abowt 20 nt to about 30w, from about 20 nt to about 35 ut, from about 20 nt io abowt 40 i, from
about 20 nt to about 45 nt, from about 20 nt to about 50 nt, from about 20 nt to about 60 nt, from
about 20 nt to about 70 nt, from about 20 nt to about 80 ny, from about 20 nt to about 90 nt, or
from abowt 20 nt{o about 100 nf. A crBNA or gRNA can have fewer than 12 nucleotides or
greater than 100 nucleotides.

CrRNA or gRNA (referred o as “the frst segment of the RNAY_ “the first segment of the
first RNA”, or “the first RNA” ete. 1n various embediments of the present disclosure) may
comprise 5,6, 7, 8,9, 10, 11,12, 13, 14,15, 16 17 18, 19,20, 21, 22 23, 24, 25 or more
contiguons nuclectides that have 100% complementarity to @ target sequence i the farges
nucleic acid (e.g, DNA or RNA). The nucleotide sequence of the arRNA or gRNA that is
complementary 10 a farget sequence can have a length of at least about 12 nt. For example, the
sequence of crRNA or gRNA that is complementary 1o a target nucleic acid can have a length of
at lesst about 12 ot at least about 15 of, at least sbout 18 nt, at least about 19 nt, at least
about 20 ut, at least about 23 m, at least about 30 nt, at least about 35 nt or atleast about 40 nt.
For example, the sequence of rRNA or gRNA that is complementary to a target nucleic acid can
have a lgngth of from about 12 nucleotides (nt) to about 80 ut, from about 12 nt to about 50 nt,
from about 12 nt 1o about 43 nt, from about 12 ot to about 40 nf, from about 12 ni 1o about 35 ny,
from about 12 ntio about 30 nt, from about 12 nt to about 25 ni, from ghout 12 nt o about 20 0y
from about 12 nt to about 19 ut, from gbout 19 ot to ghout 30 at, from ghout 19 ot to about 25 oy,
from about 19 0t to aboat 30 nt, from aboutl 19 ot to about 35 at, from about 19 nt 1o about 40 ot
front about 19 nt to about 453 i, from about 19 nt 1o about 30 ut, from about 19 nt to about 60 ny,

from abowut 20 nt to about 25 nt, from about 20 ot to about 30 nt, from about 20 nf 1o about 35 oy,
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frony about 20 0t 1o about 40 ot, from about 20 ot 1o about 45 nt, frot about 20 6t to about 30 ng,
or from about 20 1t to about 50 nt,

The percent complamentarity between orRNA or gRNA {referred 1o as “the first segment
of the RNA”, “the first segment of the first RNA”, or “the first RNA” ete. in various
embodiments of the present disclosure) and the target nucleic acid {(e.g, DNA o RNA} can be at
least 60%, at least 65%, at least T0%, at least 75%, at least 80%, at least 85%, at least 90¢
least 95%, at least 97%, at least 98%, at Jeast 99%, or 100%, over 7,8, 9, 18, 11, 12, 13, 14, 15}

16, 17,18, 19,20, 21, 22,23, 24, 25 or more contiguous nucleotides.

CIRNA (referred to as “the first segment of the RNA”, “the first segment of the first
RNA", or “the first RNA” etc. in various embodiments of the present disclosure) and tractRNA
{referred to as “the second segment of the RNAY, “the second segment of the first RNA™, or “the
second RNA™ etc. in vartous embodunents of the present disclosure) may hybridize to form
double-stranded RNA duplex (dsRNA duplex), thus resulting in one or more {e.g., 1, 2,3, 4, 5 or
micre ) stem-loop structures and/cor handle structures.

Each segment or each RNA molecule may seli-hybridize to form double-siranded RNA
duplex {dsRNA duplex), thus resulting in one ormore {e.g., 1, 2, 3,4, 5 or mowe) stem-loop

structures and/or handle structures,

CrRNA (referred to as “the first segment of the RNA”, “the first segment of the first
RNA", or “the first RNA™ ete. in various embodiments of the present disclosure) and fractRNA

{referred {0 as “the second segment of the RNA™, “the second segment of the first RNA”, or “the
second RNA” ete. in vanious embodiments of the present disclosure) can be covalently linked via
the 3 end of cxRNA and the 5" end of tracrRNA. Alternatively, orRNA and tracrRNA can be
covalently linked via the § end of crRNA and the 3' end of tractBNAL

TracrRNA {referred to as “the second segment of the RNA”, “the second segment of the
first RNAT, or “the second RNA" gte. m various embodiments of the present disclosure} and
invader RNA (reforred to as “the third segment of the RNA", “the second RNAT, or “the third
RNA” ete. m variows embodiments of the present disclosure) can be covalently Hinked via the ¥
end of tracrRNA and the ¥ end of IRNA. Alternatively, racrBNA and iIRNA can be covalently

linked via the ¥ end of racrRNA and the 3 end of iRNAL
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CrRNA (referved 10 as “the first segment of the RNA™, “the first segment of the first
RNA™, or “the first RNA” ete. in various embodiments of the present disclosure} and tnvader
RNA (referred © as “the third segment of the RNA”, “the second RNA™, or “the third RNA™ ete.
in various embodiments of the present disclosure) can be covalently haked via the 3" end of
crRNA and the § end of cyRNA. Alternatively, orRNA and :1RNA can be covalently linked via
the 5' end of crRNA and the 3' end of iIRNA.

CyRNA and IRNA, tractENA and IRNA, andfor erRNA and tracrRWNA, can be covalently
aucteotides to about 100 nucleotides. For example, the linker can have a length of from about 3
nt o about 90 nt, from about 3 1t to about 80 at, from about 3 nt 10 about 70 1, from about I mt
1o ahowt 80 1t, from abowt 3 ut to about 50 ny, from about 3 nt to about 40 nt, from about 3 st to
about 30 nt, from aboui 3 nt to about 20 nt, or from about 3 ntto about 10 nt. For example, the
linker can have g length of frem about 3 ot to sbout 5 nt, from about & nt o about 10 ut, from
ahout 10 ntio about 15 6t from sbout 15 ntio about 20 nt, from about 20 nt to about 25 nt, from
about 25 nt to about 30 nt, from gbout 30 nt to about 35 nt, from aboeut 35 nt 1o ghout 40 ut, fom
abont 40 nt to about 50 nt, from sbout 30 st to abont 60 nt, from about 60 nt to about 70 ut, from
about 70 ot to about 80 nt, from about 80 nt to about 90 nt, or from about 900t to about 0 nt

{n some embodiments, the hnker 154 nt.

Also encornpassed by the present disclosure are compositions and systems that include or
encode the present CRISPR components and/or the Cas® protein or a vaniant thereof,

The present disclosure provides for a systen that targets a target sequence in 8 double-
stranded DNA, the system comprising: {1} & first DNA polvnuciestide encoding a first RNA, the

first RNA comprising: {a) a first segment {e.g., orRNA or gRNA} that hybridizes with a target

tractRNAY that hybridizes with the first segment to form a double-stranded protein-binding
motify (1) a second DNA polynucleotide encoding a second RNA {e.g., iIRNA), wheram the
second RNA hybridizes with 8 sequence in a non-target strand of the doubde-stranded DNA; amd
{111} a third DNA polynuclentide encoding & Cas enzyme or a variant thereof. In certain
embodiments, the first DNA polynucieotide, the second DNA polynucleotide, and the third DNA

polynucleotide are within g vector. In certain embodiments, the first DNA polvoncleotude, the
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second DNA polynucieotide, and the turd DNA polynucleonde are Jocated on different vectors
{e.g., two or three vectors).

The present disclosure provides for a system that targets a target sequence i a double-
stranded DINA, the system comprising: (1) a first DNA polysucleotide encoding & first RNA, the
first RNA comprising: {8} a first segment {e.g., ooRNA or gRNA) that hybridizes with a target
sequence in atarget strand of the double-stranded DNA{ and (b} a second sepment (e.g.,
tractRINA) that hybridizes with the first segment to form a double-stranded protein-binding
motifl and {c} a third segment {e.g., IRNA) that hybnidizes with a sequence in a non-target strand
of the double-stranded DNA; (i1} 8 second DNA polynucieotide encoding a Cas enzymie or a
vartant thereof. In certain embodimeants, the first DNA polynucieotide and the second DNA
polynucieotide are within g vector. In certain embodiments, the first DNA polynucleotide and the
second DNA polynucleotide are located on different vectors,

The present disclosure provides for a systern that targets g target sequence i 3 double-
stranded DNA, the system comprising: (1) a first DNA polynacleotide encoding & first RNA
{e.x, crRNA or gRNA), wherein the first RNA hybnidizes with a target sequence in a target
strand of & double-stranded DNA; {i1) 2 second DNA polynucleotide encoding a second RNA
{e.g., tractBNA}, wheremn the second RNA hybridizes with the first RNA to form a doubde-
stranded protein-binding motif, (i) a third DNA polynucleotide encoding a third RNA {e.g.,
IRNA}Y, wherein the third RNA hybridizes with a sequence in a non-target strand of the double-
stranded DNA{ and (iv} a fourth DNA polyaucleotide encoding & Uas enzymue or 8 variand
thereof. Tncertam embodiments, the fivst DNA polyvoucieotide, the second BINA polynucieotide,
the third DNA polvouaclectide, and the forrth DNA polvnucleotide are within » vector. In certain
embodiments, the first DNA polynucleotide, the second DNA polynucleotide, the third DNA
polyaucieotide, and the fourth DNA polynucleotide are located on different vectors (e, 2, 3or
4 vecions ).

The present disclosure provides for a method of targeting a target sequence in a doulde-
stranded DNA, the method comprising the step of contacting the double-stranded DNA with g
syylem comprising: (1) 8 first RNA, or g DNA polynucleotide encoding a first RNA, whergin the
first RNA comprises; {a) a fist segment {e., orRNA or pgRNA) that hybridizes with a target
sequence in a target strand of the double-stranded DNA; () a second segment (e.g., tractRNA)

that hybridizes with the first segiment to form g double-stranded protein-binding motif {ii} a
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second RNA (eg, IRNA), or a DNA polynuclectide encoding a second RNA, wherein the

{iif} a Cas enzyme protein or a variant thereof, or a DNA polynucleotide or a RNA
polynucleotide encoding a Cas enzyme or 8 variant thereof.

The present disclosure provides for a method of targeting a target sequence in a double-
stranded DNA, the method comprising the step of contacting the double-stranded DNA with a
system comprising {1} a DNA-targeting RNA, or a DNA polynuclectide encoding 2 DNA-
targeting RNA, wherein the DNA-targeting RNA comprises: {a) a first segment {e.g., crRNA or
gRNAY that hybridizes with a target sequence ina target strand of the double-stranded DNA ()
a second segment (e.g., tractRNA} that hybridizes with the first sepment o form a double-
stranded protein-binding motif} and (¢} 4 third segment {g.g. IRNA) that hybridizes with 8
sequence in a nop~target strand of the double-stranded DNA; and (i) a Cas enayme or a variant
thereof, or & DNA polynucleotide or a RNA polvaucleotide encoding 8 Cas enzyme or # varian
thereof.

The present disclosure provides for a method of targeting a target sequence in a double-
stranded DNA in g cell, the method comprising the step of introducing into the cell a system
comprising: {1} a first KNA, or a DNA polynuclentide encoding a first RNA, whereln the first
RNA comprises: (a) g first segment (e.g, rRNA or gRNA) that hybridizes with a target
sequence in a target strand of the double~-stranded DNA{ and (b} a second segment (e.g.,
tractRN A} that hybridizes with the first segment to form a double-stranded protemn-bindmg
motif: and (11} a second ANA (e.g., iIRNA), or s DRA polynucleotide sncoding a second RNA,
wherein the second RNA hybridizes with g sequence in a non-target stramd of the double-
stranded DINA.L

The present disclosure provides for a method of targeting a target sequence i a double-
stranded DNA 1n a cell, the method comprising the step of introdocing mito the cell a DNA-
targeting RMNA, or 2 DNA polynucleotide encoding 8 DNA-targeting RNA, wherein the DNA-
targeting RNA comprises: (/) a first segment {e.g., rRNA or gRNA) that hybridizes with a
target sequence in a tanget strand of the double-siranded DNA; (b} a second segment {e.g.,
tracrRNA) that hybridizes with the fisst segment o form a double-stranded protein-binding
motf and (¢} a third segment (e.g., IRNA} that hybridizes with a sequence in a non-target strand

of the double-stranded DNAL
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In certain embodimenty, the cell expresses a Cas enzyme. In certam smbodiments, the
method further comprises delivering into the cell (1) s DNA polynucleotide encoding a Cas
enzyme or a variant thereof, (1) a RNA polynucleotide encoding a Cas enzyme or a variant
thereof, or (i1} a Cas enzyme or a variant thereof.

The present disclosure provides for one or more DNA polynucleotides encoding the
present RNAs, CRISPR components, Cas enzymes, e, The present disclosure alsa provides for
& vector or construct comprising the DNA polvaucieotide(s), and a cell comprising the DNA
polynucleotide(s} and/or the vector or constract.

The present systems, compositions and methods may modify or alter (e.g., Increase or
decrease} expression of one or more genes.

Differential gene expression can be achieved by modifying the efficiency of gRNA base-
pairing 1o the target sequence. Larson etal, 2013, CRISPR interference (CRISPRY) for
sequence-specific control of gene expression, Nature Protocols 8 {11} 2180-96. Modulating this
efficiency may be used to create an allelic series for any given gene, creating a collection of
hypomorphs and hypermorphs. These collections can be used to probe any genetic mvestigation.
For hypomorphs, this allows the incremental reduction of gene Runction as opposed to the binary
nature of gens knockouts.

CRISPR tterference {CRISPRE) or CRISPR activation {CRISPRa) may be used in the
present systems and methods,

CRISPRI is g transcriptional interference technigue thet allows for sequence-specific
repression of gene expression andfor epigenetic modifications i cells, (i et al, (2013}
Repurposing CRISPR as an RNA-guided platform for sequence-specific control of gene
expression. Cell 152 (3} 1173-83 CRISPRI regulates gene expression primarily on the
transcriptional level, CRISPRI can sterically repress transcription, e.g., by blocking
transcriptional inttiation or elongation. The target sequence may be the promoter andfor exonic
sequences {such as the non-template strand and/or the template strand), andfor introns. Hetal,,
{2014}, Specific gene repression by CRISPR1 system transterred through bacterial conjugation.
ACS Synthedic Biology 3 (12} 929-31. CRISPRI can also repress transcription via an effector
domain, Fusing a repressor domain to a catalytivally mactive Cas enzvme, e, dead Cas®
{dCasD), way further repress transeription. For example, the Krippel associated box (KRAB}

domain can be fused to das? o repress transeription of the target gene. Gilbert et al, 2013,
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CRISPR-mediated modular RNA-~guided regulation of ttanscription in eukaryotes. Cell 154 (2)
442-51,

CRISPRa utilizes the CRISPR technique 1o allow for sequence-specific activation of
gens expression and/or epigenstic modifications in cells. O etal, {(2013) Repurposing CRISPR
as an RNA-guided platform for sequence-specific control of gene expression, Cell 152 (8
117383, Gilbert et al., (2013) CRISPR-mediated modudar RNA-guided regudation of
transcription in eukaryotes, Cell 154 (21 442-51. For example, a catalytically inactive Cas
enzyme, ey, dCasy, may be used to activate genes when fused to transeription activating
factors, These factors inchude, but are not limgted o, subtmts of RNA Polvierase H and
traditional ranscription factors, such as VP16, VPO4, VPR etc. Gitbert et al, 2014, Genome-

Scale CRISPR-Mediated Control of Gene Repression and Activation, Cell 159 (3): 4761,

The present system may comprise or encode at least one CRISPR RNA (orRNA)Y. The
present DNA construct or vector may encode at least one CRISPR RNA (¢rRNAY In certain
embodiments, ctRNA contamns guide RNA slong with a tractRNA-binding segment which is
complomentary 1o at lesst one portion of a tractRNA and functions to bind Chyvbridize o) the
tractRNA and recruit the Cas enzyme to the {argst sequence.

In the CRISPR system, when the gRNA and the Cas enzyme are expressed, the gRNA
directs sequence-apecific binding of a CRISPR complex including & Cas enzyme to 2 target
sequence {e.g., coding or non~-coding DNAY in the coll. The Cas ensyme may then target {e.g.,
cleave) the targel sequence,

As used heretn, a gRNA is complementary to & target nucleic acid sequence tn vitro or i
a host cell. The gRNA targets the URISPR/Cas complex to a target nucleic acid sequence, also
referred 10 as a target sequence or a target site,

The gRNA may be between 10-30 nucleotides, 15-25 nucleotides, 15-20 nucleotides, 18~
22 nucleotides, or 19-21 nuclentides m length. In some embodiments, 8 gRNA is about or more
than about 5, 10, 11,12, 13, 14, 15, 16, 17,18, 19,20, 21,22, 23,24, 25 26,27, 28,29, 30, 35,
43, 48, 30, 75, or nwre nucleotides in length. In some embodiments, 8 gRNA is less than about
75, 50,45, 40,35, 30, 25,20, 15, 12, or fewer nuclectides in lenpth. In some embodiments, the

gRNA s 20 nucleotides n fength,
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In general, a gRNA is any palynucleotide sequence having sufficient complementarity
with a target sequence 1o hvbridize with the target sequence and direct sequence-~specific binding
of a CRISPR complex 1o the target sequence. In some embodiments, the degree of
conplementarity batween a gRNA and its corresponding target sequence, when optimally
aligned using 8 sutiable alignment algorithin, is about or move than about 0%, 35%, 60%, 65%,
T0%, 75%, BO%, 85%, 90%, 95%, 96%, 97%, P8%, 99%, or 100%. In some embodiments, a
gRNA is at teast 30%, 359%, 60%:, 63%, 70%, 75%, 8%, BS%, 90%, 95%, 86%, 97%, 98%,
9%, or at least 100% complementary to the 3' end of the target sequence {e.y, the last §,6, 7. 8,
9. or 1 nucleotides of the 3" end of the target sequence).

Each construct or vector of the present system may encode or contain two or more
¢RNAs, Multiple (two or more} gRNAs can be used to target multiple different genes
simultaneously, or target different sites of the same gene,

A tractRNA-binding segment includes any sequence that has sufficient complementanity
with fractRNA 1o promote one or more of: {1) excision of 2 target sequence targeted by gRNA:
and (2} formation of & CRISPR complex at ar near a target sequence.

In some embodiments, the degree of complementarity between tracrRNA and fracrRNA-
binding segment is about or more than about 25%, 30%, 40%, 50%, 6%, 65%, 7094, 75%, BO%,
85%, 9056, 5%, 97.5%, 99%, or 100%, along the length of the shorter of the two when
optimally aligned, e, over a streteh of at least B contiguous | at least 9 contiguous, at least 10
contignous, af keast 11 contiguons, at least 12 contignous, at least 13 contiguous, at least 14
contiguous or at least 15 contignous mucleotides.

Exemplary tractRNA-binding segment sequences can be found, for example, in Jinek, et
al. Science (2012) 337(6096):816-821; Ran, et al. Nature Protocols (2013) 8:2281-2308;
WO2014/093694; WO2013/176772 and WOR016070037,

TracrRNA-binding segment sequences may be wildivpe or motated.

The present system {a construct or a ve¢tor} may contain or encade a tractRNA,
A frany-activating o RNA {racrRNA) refers 1o an RNA that vecruits a Cas enzyme to a

target sequence bound thybnidized) to a complementary (rRNA.

]
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I somie embodiments, the tracrRNA is about or more than about 8, 8, 7.8, 9, 10, 11, 12,
13,0415, 18,17, 18,19, 20, 25, 26, 30, 32,40, 45, 48, 30, 54, 63, 67, 85, or more nucleotides wm
length.

In some embodiments, the tractRNA has sufficient complementanty to a racrRNA-
binding segment of crRNA to hybridize and participate in the formation of 2 CRISPR complex.

TractBNA sequences may be wildiype or mutated.

In certain embodiments, ctRMNA {contatning gBNA} and fracrBNA are expwessed as
separate transcripts, The present systent (2 construct of & vedior) may contain or express ¢arRNA
and tractRNA as separate franscripts.

Tt certain embodiments, crRNA (containing sRNA gnd tacrRNA-binding segment) and
tractRNA are contained within a single transcript (e, sgRNA). The present system {a construct
Of @ vector} may contain or express sgRNA.

A single guide RNA (sgRNAY is g chimeric RNA contaiming a tracsRNA and at least one
ctRNA {containing gRNAY. An sgRNA has the doal function eof beth binding thybnidizingj w a
targetl sequence and recrunting the Cas enzyine to the target sequence,

CrRNA and tracrBRNA can be covalently linked via the 3' end of the cyRNA and the 3
end of the tractRNA. Alternatively, crRNA and tractRNA can be covalently linked via the 5 end
of the crRNA and the 3’ end of the tractRNA

I such embodiments, sgRNA may have g secondary structure, such as a hairpin. In
certain embodiments, the transcript or transcribed polynucleotide sequence has at least two o
more hairpins. For Example, the transcript may have twe, theee, four, five, or more than five
hairping, SgRNA may comprise a hinker loop structure andior & stem-loop sirachpe.
suRNA used in the present disclosure can be between about 5 and 100 nucleotides long, or
fonger{eg., 5, 6,7, 89,10, 11, 12, 13,14, 15, 16,17, 18,19, 30, 21,22, 33,24, 25,26, 27, 28,
29, 30,31, 32,33, 34, 35,36, 37, 38, 39,40, 41, 42, 43, 44, 45,46, 47, 48,49, 50, 51 | 3,
54, 55, 36, 57, 38, 539 60,61, 62, 63,63, 64, 65, 66, 67, 68,69, 70, 71, 72, 73,74, 75,76, 77,78
7980, k1, 82, 83,

f..n
1 1;

i
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’...h
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. B4, &5, 86, 87, 88,89, 90, 91 92, 93, 94, 95, 96, 97, 98, 99, or 100 nucleotides

Tt *

ut length, or longer). In some embodiments, sgRNA can be between about 15 and about 30
nucleotides in length (e g, about 1529, 15-26, 15-25; 16-30, 16-29, 16-26, 16-25; vr about 18-

30, 18-29, 18-26, or 18-25 nucleotides mn length)
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To facilitate sgRNA design, many computational tools have been developed {See
Prykhozhij et al. (PLoS ONE, 1003} (2015)); Zhu evall (PLoS ONE, (%) (2014)); Xiso et all
{Biomformatics. Jan 21 {2014}); Heigwer et al. (Nat Methods, 11{2) 122123 (2014}, Methods

and vools for guide RNA design are discussed by Zhu (Frontiers in Biology, 10 (4) pp 289-28¢
{2013}), which is incorporated by reference herem. Additionally, there is a publically available
software tool that can be used to factlate the design of sgRNALS)
{hitp/fwww genscript.com/gRNA-design-tool himi},

SgRNA sequences may be wildtvpe or mutated.

Chimeric RNA may be used to refer to a fusion of at least the traceRNA-binding segment

and fractRNA. Chimeric RNA sequences may be wildtype or nunated.

The present system (e.g., consiracts, vegtors, cells, ete.) may or may not encode a Cas
SRZYIE.

The Cas enzyme {argets (&g, cleaves) of one or two strands at or near 8 targed sequence,
such as within the target sequence and/or within the complementary strand of the target
sequence. For example, the Cas enzyme may target (.., cleave) of one or both strands within
abont 1.2.3,4, 5,6, 7,8, 9, 10, 15, 20,25, 50, 100, 200, 5300, or more nucleotides from the first
or last nucleotide of a target sequence. In cerfain embodiments, formation of & CRISPR complex
results m cleavage (e.g., & cutting or nicking) of one or both strands in or near {e.g. withm 1,2, 3,
4,5, 6,7, 8 9, 10,20, 50, or more base patrs from) the target sequence. In some embodiments,
the Cas enevine facks DINA strand cleavage activity,

The Cas enzyme may be g type 1, type L type I, type IV or type V CRISPR system
enzvime. In some embodiments, the Cas enzyme i3 a Cas® enzyme (also known as CUsnl and
Caxiy

Cas® may be wild-type or mutant. Tas? may be any vanant disclosed in ULS. Patent
Publication No. 2014/0068797. Cas® may be Type H-A, Type II-B, or Type 1-C. CasY may be
from various species, including, but not hnited to, 5. pyegenes, N menidngitides, Cjejuni, K.
palusiris, R, Rubrum, 4 noestundii and C diphtheria.

I some smbodiments, the Cas® s & modified form or a variant of the wild-type Casd. In
some instances, the modified form of the Caa?® protein comprises an amino acid change {e.g.,

deletion, msertion, or substitution) that reduces the naturallv-ocouwrring nmuclease activity ot the
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Cas? protem. In certaln embodiments, the modified form of the Cas® protem has less than S0%,
less than 40%, less than 30%, less than 20%, less than 10%, less than 5%, or less than 1 % of'the
nucleass activity of the corresponding wild-tvpe Cas? protein. In some cases, the modified form
of the Cas? protein has no substantial nuclease activity.

In some embodiments, the Cas9 protein can be codon-optimized.

Non-Hnuting examples of the Cas® enzyme include Cas9 derived from Streptococcus
progenes (S. pyogenes), S. pneamoniae, Staphylococcus aurens, Nedsseria meningitidis,
Streptococcus thermophilus (8. thermophitus}, or Treponema denticola. The Cas enzyme miay
also be derived from Corynebacter, Sutterella, Legionells, Treponema, Filitactor, Eubacteriom,
Streptococens, Lactobacillus, Mycoplasma, Bacteroides, Flaviivola, Flavobacterium,
Sphaerochaeta, Azospirtthan, Glugonacetobacter, Neisseria, Roseburia, Parvibacalam,
RNtaphylococous, Nitratifractor, Mycoplasma and Campylobacter.

Now-Iimiting examples of the Cas enzymes also include Casi, CaslB, Cas2, Cas3, Casd,
Cash, Cash, Cas?, Cast, Cash, Casl0, Cavl, Cayv2, Csy3, Usel, Cse2, Usel, CseZ, Osal, Usnd,
Cam2, Csm3, Csod, Csms, Camé, Ciel, Cou3, Cord, Cinr5, Cots, Csbl, Csbh2, Csb3, Cax 17,
Cex 14, Csx1, Csxln, CsaX, Csx3, Caxd, Cax s, Coft, Csf2, Csf3, Cstd, homologs theveof,
ovthologs thergof, or modified versions thergof.

One or more of the CRISFR components and a Cas enxyme way be encoded by the same
construct {e.g., a vector), Alternatively, 3 Cas enzyme may be encoded by a construct {e.g., &
vector) separate from the vector encoding one or miore of the other CRISPR components. In
somne embodiments, the present systencomprises two or more Uss enzyime coding sequences
operably Haked to ditforent promoters. In some embodinients, the host cell expresses one or
more (Cas stzymes.

The Cas enzyme can be introduced mto s cell in the form of 8 DNA, mBNA or pratein.
The Cas enzyme may be engineered, chimeric, or isolated from an organism

Wildtype or mutant Cas enzyme may be used. In some embodiments, the nucleotide
sequence encoding the Cas® enzyme s modified to alter the activity of the protein. The muutant
{Cas enzyme may lack the ability to vleave one or both strands of a target polvancieotide
containing a target sequence: For example, an aspartate-to-glanine substitusion (DI10A) in the
RuvC {oatalytic domain of Cas® from S, pyogenes converts Cas® from a nuclease that cleaves

both strands 10 a nickase (cleaves a single strand), Other examples of mudations that render Cas®

28



WO 2017/205290 PCT/US2017/033835

a pickase include, without Hnsitation, D10A, H840A, NBS4A, NBE3A, and combinations thereof,
In some embodiments, g Cas® nickase may be used wn combination with guide RNA{S), e.g., two
auide RNAs, which target respectively sense and anfisense strands of the DNA target,

Two or more catalytic domains of Cas9 (Ruv(C and/or HNH domaing) may be mutated to
produce a mutated Cas9 substantially lacking all DNA cleavage activity {(a catalytically inactive
{359}, In some embodiments, & D10A mutation is combined with one or more of H840A
NEXLA, or NBS3A muations to produce a Cas9 enzyme substantially lacking DNA cleavage
activity {dead Cas 9 or dCas9). In some embodunents, a {as enzyme 1s considered to
substantially fack DNA cleavage activity when the DNA cleavage getivity of the mutated
enzyme is about or less than about 25%, 10%, 5%, 1%, 0.1%, 0.01%, or lower, compared to is
non~-mutated (wildivpe) form. Qther mutations may be usefol; where the Cas? or other Cas
enzyme is from a species other than S, pyogenes, mutations in corresponding amino acids nwy
be made to achieve similar effects,

Another Cas enzyme, Cpfl (Cas protein | of PreFran sublype) may also be used i the

present systems and methads, Zetsche et al. Cell, 163 {31 75%-771, In one embodiment,
CRISPR-Cpfl system can be used fo cleave a desived region at or near a farget sequence. A Cpfl
nuclease may be dertved from Pwvetella spp., Francisstia spp.. eic.

Alternatively or in addition, the Cas enzyme may be fused to another protein or portion
thereof In some embodiments, dCas® is fused to a repressor domain, such as @ KRAB domain,
in some embodiments, such dCas® fusion proteins are wsed with the constructs described herein
for mudtiplexed gene repression {e.g., CRISPR interference (CRISPR. In some smbodiments,
dCas9 is fused 10 an activator domain, such as VP64 or VPR In some embodiments, such dCas9
fusion proteins are wsed with the constructs deseribed herein for nudtiplexed gene activation {e.g,
CRISPR activation (CRISPRa)).

I some exmbodiments, dCas9 is fused to an epigenctic modolating domain, suchas a
histone demethylase donin or 3 histone acetyliransferase domain. In some embodiments, dCas®
is fused to a LSD or p300, or a portion thereof! In some embodiments, the dCas9 fusion i used
for CRISPR-bazed epigenetic moduolation,

Insome embodiments, dCas® or Casd s fused to a Fokl nuclease domain. In some
embodiments, Cas9 or dlas9 fused to 8 Foki nuclease domain 13 used for multiplexed gene

aditing,
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In zome embodiments, Cas® or dCas® is fused to a fuorescent protem (2.g., GEP, REP,
mherry, etc.}), for, e.g., multiplexed labeling and/or visualization of genomie loci

A sequence encoding a (as enzyne may be codon-optimized for expression in particular
cells, such as evkarvotic cells. The eukaryotic cells may be those of or derived from a particular
orgamisny, such as a manymal, including but not hmited to buman, mouse, rat, rabbit, dog, or non-
human primate. In general, codon optimization refers o § process of modifving a nucleic aad
sequence for enhanced expression in the host cells of interest by replacing at least one codon of
the native sequence with codons that are more frequently or most frequently used in the genes of
that host cell while maintaining the native amino acid sequence. In some embodiments, one or
more cadons {e.g. 1, 2, 3,4, 3, 10, 15, 20, 25, 50, or more, or all codons} in a sequence encoding
a Cas enzyme correspond to the most frequently used codon for a particalar amine acid o the
host el

The Cas enzyme may be s part of a fusion protein comprising one or more heterologous
protein domains {e.g. aboat or more than abowt 1, 2, 3,4, 8, 6, 7, & 9, 10, or more domams i
addition to the Cas enzyme). A Cas enzyme fusion protetn may comprise any additional protein
sequence, and optionally a linker sequence between any two domains. Examples of protein
domains that may be fused to a Cas enzyme include, without lintdtation, epitope tags, reporter
proteins {or reporters), and protein domains having one or more of the following activities:
methylase activity, demethylase activity, ranscription activation activity, franscription repression
activity, transeription release factor activity, histone modification activity, RNA cleavage
activity and nuclete acid binding activity. Non-limiting examples of epitope tags inclade
histidine (His) tags, V5 tags, FLAG tags, influenza hemagglutimin (HA) mps, Myce tags, VRV-G
tags, and thioredoxin {Trx) tags. Examples of reporters include, but are not hmited to,
glutathione-S-transferase (GST), horseradish peroxidase (HRP), chloramphenicol
acetvitransferase {CAT) beta-galactosidase, beta-glucuronidase, luciferase, green fluorescent
protein (GFP), HeRed, DsRed, cyan fluorescent protein {CFP), vellow Hluorescent protein (YFP),
and autofluorescent protems wckuding blue Huorescent protein (BFP). The sequence encoding a
Cas enzyme may be fused 1o a gene sequence encoding a protein or a fragment of a protesn that
bind DNA molecules or bind other cellular molecules, including but not innted to maltose
binding protein (MBP), S-tag, Lex A DNA binding domain (DBD) fusions, GAL4 DNA binding

domain fusions, and herpes sunplex virus (HSV) BP 16 protedn fusions. US. Patent Publication
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No. 20110039302, WOR015063964. In some embodiments, 8 tagged Cas enzynie 18 wied to
idenuty the location of a target sequence.

The Cas enzyme may contain one or move nuclear localization sequences (NLS)

The present construct {(e.¢., 8 vector) may contain ong, two or more enzye-coding
sequences. The two or more enzyme~coding sequences may comprise two of more copies of a
single enzyme-coding sequence, two or more different enzyme-cading sequences, or
combinations of these. In such an arrangement, the two or more enzyae-coding sequences may
be operably linked to a promoter or to different promoters m a single vector or in multiple
vectors, For example, @ single vector, or multiple vectors, may comprise about or more than
about 1,2, 3,4, 5,06,7, 8,9, 10, 15, 20, or more enzyme-coding sequences. In some
embodiments, about or more than about 1,2, 3, 4, 5,6, 7, 8, 9, 10, or more such enzyme-coding

sequence-containing vectors may be provided, and optionally delivered to a cell.

A target sequence refers 10 any nucleie acid sequence in a host cell that may be targeted
by the present svstems. A CRISPR gRNA may be selected to target any target sequence in, .4,
a double~stranded DNA (dsDNA)Y, a stngle-siranded DNA (ssDNA), a double-stranded RNA
{dsRNA), anddor a smgle-stranded RNA {ssRNAY. In certain embodiments, the target sequence
is a sequence within a genome of an orgamism,

In certain embodiments, the target sequence is not fanked downstream (oo the ¥ side) or
upstraa (on the 5 sde) by a protospacer adjacent motf (FAM). In certain embodinments, the
target sequengce is Hanked downstream {on the ¥ side) or upstrean {on the 3 side) by a PAM.

The sequence and length requirements for the PAM differ depending on the Cas enzyme
used. PAMs may be 2-8 bage paw sequences adjacent the target sequence. In certain
embodiments, the PAM 1s a 2-6 base pair DNA sequence inunediately following the DNA
sequence targeted by the Cas nuclease in the CRISPR system. It was reporied that Cas® would
not successfully bind to or cleave the target DNA sequence if it was not followed by the PAM
sequence. Majica et al,, (2009) Short moiif sequences determine the targets of the prokaryotic
CRISPR defense systens, Microbiology, 155 {Pt 3} 733740, Shah et al., {2013) Protospacer
recogmition motifs: mixed idennties and functionsl diversity, RNA Biology, 10 {51 831899,
Jinek et al, (2012) A programmable duwal-RNA~guided DNA endonuclease i adaptive bacterial

inwnunity, Science, 337 {6096y 816821, Sternberg et gl (2014} DNA mterrogation by the

Sad
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{CRISPR BNA-guided endonuclease Cas?, Nature, 507 {7490} 62-67. PAM was considered an
essential targeting cormponent {not found in bacteris] genome} which distinguishes bacterial self
from non-self DNA, thereby preventing the CRISPR locus from being targeted and destroyed by
nuclease. Mali gt all, (2013) Cas9 as a versatile tool for engineering biclogy, Nature Methods, 10
{10) 957-963.

For example, for Cas® endonucleases devived from Streptococcus pyogenes (3.
progenes), the PAM sequence is NGO For Cas9 endonucleases derived from Staphylococous
aursus, the PAM seguence 18 NNGRRT For Cas? endonucleases dertved from Netsseria
meningitidis, the PAM sequence 1s NNNNGATT. For Cas® endonuclegses derived from
Streptococens thermophilus, the PAM sequence is NNAGAA. For Cas® endonuclease derived
from Treponema denticola, the PAM sequence is NAAAAC. For a Upfl nuwclease, the PAM
sequence is TTN.

A target sequence may be located in the nucleus or eytoplasm of s vell The tarpet
sequence nay be within an organelle of a eukaryotic cell, for exsinple, mitochondrion or
chloroplast. The target sequence can be & sequence encoding a gene product (e.4., a protein) or a
non-coding sequence {o.g., a regulatory polynucleotide or a junk DNAY A target sequence way
be endogenous (endogenous to the call} or exogenous {exogenons o the vell) sequences. A
target sequence may be genomic nucleic acid sndfor extra-genomic nucleic acid,

A target sequence may be a nucleic acid encoding transcription factors, signaling
proteins, transporters, epigeneiic genes, eic. A target sequence may be, or contains part(s) of,
constitutive exons downstreanm of & start codon of & gene. A targel sequence may be, or contains

part{s} of, etther a first or & second exon of 3 gene. In ene embodinent, the target sequence is @

transcribed or non-transcribed strand of @ gene.

A target sequence may be a part of gene repulatery sequences such as promoters and
transcriptional enhancer sequences, ribosomal binding sites and other sies relating to the
sfficiency of franscription, translation, or RNA processing, as well as voding sequences that
control the activity, postranslational modification, or turnover of the encoded proteins. LS.
Patent Publication No. 20160186168,

A target sequence may be parts of pne or more disease-assaciated genes and
polynucleotides ay well a3 signaling pathway-associated genes and/or polynucleotides. A

"diseasg-associated” gene or polvnuclectide refers o any gene or polynuclentide which is

(]
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vielding transcription or anslation products at an abnormal level or in an sbuormal form m cells
derived from a discase-atfected tissues compared with Hissues or cells of a non-disease controll Bt
may be a gene that becomes expressed at an abnormally high levell it may be a gene that
becomes expressed at an abnommally low level, where the altered expression correlates with the
occprrence andfor progression of the disease. A disease-associated gene also refers 1o a gene
possessing mutation(s} or genetic variation that i directly responsible or 15 in linkage
disequilibrivm with a gene(s) that is responsible for the stiology of a disease. The transcribed or
translated products may be known or unkoown, and may be at & normal or abnormal level.

Ajarget sequence may be pari{s) of one or more genes andéor polynncleotides relating to
a particular pathway (for example, an enzymatic pathway, an immune pathway or a cell division
pathway), or a particular disease or group of diseases or disorders (e.g., cancer). U.S. Patent
Publication No. 20150064138,

For pxample, a target sequence may be pari(s} of one or more genes andfor
pobymucieotides assoctated with epigenetic changes i cancer, diabetes, obesity, neurological
disorders (e.g., schizoplyenia}, or function m processes such as aging,

Int one ewsbodiment, the target sequence may be part{s) of one or more genes and/or
polynuclectides described iy Kazuhiro et al., Epigenstic clustering of gastric carcinomas based
on DNA methvlation profiles at the precancerons stage: #is corvelation with tumor aggressiveness
and patient outcome, Carcinogenesis, 2015, Vol 36, No. §, 509520

The present molecules, systems and methods may target ene or more farget sequences in
one or more genes andior polynacleotides, such as-about, or move than about, 2,3, 4, 5,6, 7, 8.9,
10, 20, or more genes and/or polynuclentides.

The target sequences may be different foct within the same gene(s), The target sequences
may be different genes andfor polynucleotides. The present molecules, svstems and methods
may target 2 to 20 or more different oot within the same gene of aoross multiple genes. For
sxanyle, the present molecules, systems and methods may target 1, 2,3, 4,5, 6,7, 8,9, 10, 11,

12, 13, 14,15, 16, 17, 18, 19, 20, or more different target sequenges.

The present aystem may contan one or more regulatory slements that are operably linked
1o one or more elements of the present CRISPR system 50 as to drive expression of the one or

more elements of the present CRISPR system,
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Regulatory elements may include promoters, enhancers, activator sequences, and other
expression control elements {e g transeription tepmination signals, such as polyadenyiation
signals and poly-U sequences). The vectors of the invention may optionally include ¥ leader or
signal sequences. Such repudatory elements are described, for example, 1n Goeddel, Gene
Expression Technology: Methods in Enzymology, Academic Press (1990). A tissue-specific
promoter may divect expression primasily in @ desired tissue of interest. Regolatory elaments
may direct expression in a tissue~-specific, cell-type specific, and/or a temporal-dependent
manaer, such as iy a cell-cyele dependent or developmental stage-dependent manner,

In some embodiments, a vector comywises one or more pol H promiter {e.g. 1.2, 3, 4, 5,
or more pol I promoters), one or more pol H promoters {e.g 1,2, 3,4, 5, ormore pol
promoters), such as g mammalign BNA polymerase H promoter, one or more pol | promoters
{e.g. 1,2, 3,4, 3, or more pol T prometers), or combinations thereof

Ex&mp&e& of pol 11 promioters tnchude, but are pot linited to, Hi prometer, U6 promoter,
mouse US promoter, swine U6 promoter. Examples of pol 1T promoters include, but are not
limited 1o, the retroviral Rous sarcoma virus {RSV) LTR promoter {optionally with the RSV
enhancer), the cvtomegalovirus {CMV) promoter (optionally with the CMV enhancer), the
SV4G promoter, the dilydro folate reductase promoter, the P-actin promuoter, the
phosphoglycerol kinase (PGK) promoter, and the EF1 a promoter. Boshart et al, Cell, 41 1531
530 {1985}, In some embodiments, the promeoter is a human abiquitin C promoter (UBCp) In
some entbodiments, the prometer is a virgl promoter. In some embodiments, the promioter is &
human cytomegalovirus promoter {CMVp).

Non-limiting examples of enhancers melude WPRE{ UMV enhancers; the R-US' segment
w LTR of HTLV-T {Mol. Cell. Biol, Vol 8(1), p. 466-472, 1988); SV40 enhancer; and the intton
sequence between exons 2 and 3 of rabbit f-globin (Proc. Natl. Acad. Scu USA, Vol 78(3), p.
1527-31, 1981).

The present vector may conain one or more promoters upstreans of the sequence
encoding IRNA, the sequence encoding isgRNA, the seguence encading gRNA, the sequence
encoding crRNA, the sequenve encoding tracrBNA, the sequence encoding sgRNA | the sequence
encoding the chimeric RNA {containing tracrRNA-binding sepment and tractRNA), andior the

sequence encoding a Cas enzyme,
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i*) &<,

As used herein, the terms “under the control”, “under transcriptional control”, “operably
positioned”, and “operably linked™ mean that a promoter is in a correct functional Tocation and/or
origatation in relation to a nucleic acid sequence, a DNA fragment, or a gene, 1o control
transcriptional inftiation andfor expression of that sequence, DNA fragment or gene.

The promoter may be congtitutive, regulatable or indacible; cell type-specific, tissue-
specifie, or species-specific,

A constitutive promuoter 1s an unregulated promoter that allows for continual franseription
of the gene under the promoter’s control. Many promoter/regulatory sequences usefid for
driving constitutive expression of a gene are available m the ant and melude, but gre not limited
to, for example, 176 thuman U6 small nuclear promoter), Hi (human polymerase HI RNA
promoter), CMVY (oytomegaloviras promoter), EF ia (homan clongation factor | alpha promoter),
SV40 {sinsian vacuolating virus 40 promoter), PGK (mammalian phosphoglycerate kinase
promoter), Ube (human ubiquitin C promoter}, human betg-actin promoter, rodent bets-actin
promoter, UBh {chicken beta-actin promoter), CAG thybrid promoter containg CMV enhancer,
chicken beta actin promoter, and rabbit beta-globin splice acceptor), TRE {Tetracycline response
clement promoter), snd the like,

Sequences encoding the present CRISPR component {e.g., a sequence encoding an iRNA,
a sequence encoding an spgRNA, a sequence encoding a gRNA, a sequence encoding an sgRNA,
a sequence encoding a chimeric RNA, a sequence encoding a etRNA, 8 sequence encoding a
tractRNA, a sequence encoding & Cas enzyme) mav be under the control of an inducible
promoter or & constitaiive promoter.

The transcriptional sctivity of inducile promoters may be induced by chemical or
physical factors. Chemically-regulated inducible promoters may include promoters whose
transcriptional activity 1s regulated by the presence or absence of oxygen, g metabolite, aleohel,
tetracveline, steroids, metal and other compounds. Physicallvaegulated mducible promoters,
mcluding promoters whose transcriptional activity is regulated by the presence or absence of
heat, low or tugh temperatares, acid, base, or light. In one embodiment, the mducible promoter 18
pH-sensitive (pH inducthle). The inducer for the inducible promoter may be located in the
biclogical tissue or environmental medinm to which the composition 1s administered ortargeted,
or 1s o be administered or targeted. Examples of tissue specific or inducible promoterfregulatory

sequences include, but are not linited 10, the thedopsin promoter, the MMTV LTR mducible
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promoter, the §V40 late enhancerpromoter, synapsm 1 promoter, ET hepatooyte promoter, O
clutamine synthase promoter and many others, Various commercially available ubiguitous as
well a3 tissue-specific promoters can be found at http/'www invivogen comyvprom-a-Hst, In
addivion, promoters which can be induced m response o inducing apgents such as metals,
glucocoriicoids, tetracychine, hormones, and the like, are also contemplated for use with the
present svstents and methads, The pH level of a particular biclogical tissue can affect the
inducibility of the pH inducible promoter. See, for example, Boron, et al., Medical Physiclogy: A
Celtalar and Molecular Approach. Elsevier/Saunders. {2004}, ISBN 1-4160-2328-3. Examples
of inducers that can induce the activity of the mducible promoters also mclude, but are not
limited to, doxycycline, radiation, temperature change, alcohol, antibiotic, steroid, metal,
salicyte acid, ethylene, henzothiadiazole, or other compound. In an embodiment, the &t least one
inducer includes at least one of arabinose, lactose, maltose, sucrose, glucose, xylose, galactose,
thamnose, fructose, melihiose, starch, inualin, lipopobysacchanide, arsenic, cadmivm, chromiwm,
temperatare, Hght, antibiotic, oxvgen level, xylan, pisin, L-arabinose, allolactose, D-glucose, D-
xyvlose, D-galactose, ampiaillin, tetracyeline, pentcillm, pristinamyein, retinoie acid, or interferon,
Other examples of inducers include, but are not lmited to, clathrate or caged compound,
protocell, coacervate, microsphere, fanus particle, proteinoid, landnate, helical rod, liposome,
macroscopie tube, nlosome, sphingosome, vesicular tube, vesicle, wnilamellar vesicle,
multitamellar vesicle, multivesicular vesicle, lipid layes, ipid bilaver, micelle, organelle, nucleie
acid, peptide, polypeptide, protein, glycopeptide, glveolipid, lipoprotein, lipopolyssecharide,
sphingolipid, glycosphingolipid, glveoprotein, peptidoglycan, lipid, carbohydrate, metalloprotein,
proteozlyean, chromoseme, nucleus, acid, buffer, pratic solvent, aprotic solvent, nitric oxide,
vitamin, mmeral, mitrous oxide, nitric oxide synthase, amino acid, micelle, polymer, copolymer,
mononer, prepolvimer, cell receptor, adhesion molecule, oyvtokine, chemokine, immunoglabulin,
antibody, antigen, extracellular matrix, cell Hgand, switterionic material, cationic material,
oligonucleotide, nanotube, piloxymer, transfersome, gas, element, contaminant, radicactive
particle, radiation, bormone, virus, quantun dot, lemperature change, thermal energy, or contrast
agent. Thevy, etal., Abstract, Curr. Gene Ther. vol. 3, no. 3 pp. 207-221 {2003}

Each of the present constructs (pr veolors ) may conamn ong or more sgquences encoding
one of more CRISPR components. The sequences may encode two or more copigs of a CRISPR

IRNA or isgRNA, two or move differgnt CRISPR IRNAs or 1sgRNAs, or combinations therecf
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The sequences encodmg the two or more CRISPR components may be operably Hoked to
the same promoter or {inked to different promoters. For example, the sequences encoding the two
or more CRISPR components may be operably linked to two or more promoters. In ope
enthodiment, sequences encoding two CRISPR components are operably linked to two
promoters; thus two transeripts wosld be franscribed. In another embodimend; sequences
encoding two CRISPR components are operably hinked to a promater; thus one transeript would
be transcribed,

The two or more promoters may take any surtable position sudfor onientation. For
exgmple, the two or more promoters may be unidirectional or bidirectional,

The forward primer and/or reverse primer may of may not contain at least one restriction
site for cloning at 2 Inter stage. The restriction site can be specific to any suitable restriction
enzymes, such as Type I 1 or I restriction enzymes, Other types of restriction enzymes can
also be used, mcluding, but not himited o, Tvpe 115 restriction endounuclenses {e.g., Golden Gate
Assembly, New England Biolabs).

The two or more promcters of the present system may take suitable position andéer
orientation. For example, the two of more promoters may be unidirectional or bidivectional.

The present system {e.g., the present construwets, vectors, ete.} driving expression of one
or more elements of @ CRISPR system may be introduced into a population of cells 1o targel otie
OF more target sequences.

B certain embodiments, a sequence encoding a Uas enzyme and a sequence encoding one
oy more CRISPR components are operably Hinked to separate promoters on separate vectors,
Alternatively, a sequence eacoding a Cas enzyme and a sequence encoding ene or more CRISPR
components are operably Hinked 1o separate promuoters on a single vector.

The sequences encoding the CRISPR components that are combingd n & single vector
may be arranged in any switable ortentation, such as one element located 3 with respect o
{upstream of} or 3" with respect o {downstream of) a second element. The coding sequence of
one element may be located on the same or opposite sivand of the coding sequence of & second
elentent, and oriented in the same or opposite direction.

I some embodiments, the prosent system {e.g., 8 vegtor, a construct, 8tc.} comprises: {a)
at feast one first promoter operably lnked to one or more sequences encoding one or more

CRISPR components; (b} at least ong second promoter aperably linked o one or more sequences
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encoding one or more URISPR components; and {c} at least one thind promoter operably linked
to a sequence encoding 2 Cas enzyme.

In some embodiments, a single promoter drives expression of a transcript encoding a Cas
enzvme, a sequence encoding an sgRNA (crRNA-tractRNA}, and a sequence encoding an iIRNAL
in some embodiments, a sequence encoding a Cas enzyme, a sequence encoding an sgRNA
{rRNA-ractRNA) and a sequence encoding an 1RNA, are operably linked to and expressed
from {wo OF MOre Promoters.

In some embodiments, a single promoter deves expression of a transcripd encoding a Cas
enzvme, and a sequence encoding an isgRNA (sgRNA covalently linked to an iIRNA), In some
embodiments, a sequence encoding a Cas snzyme, 3 sequence encoding an isgRNA {sgRNA
covalently linked to an IRNA), are operably lnked 1 and expressed from two or more
promoters.

In some embodiments, 8 VECIOr COMpTises Gne of mOrg Insertion sites, such as a
restriction recognition site (also referred to as a resiviction sie, or a cloning sitel. One or more
msertion sies {e.g. about or more than about 1, 2, 3, 4, 5,6, 7, &, 9, 10, or more msertion Sies)
way be located apstream andfor downstreant of one or more sequences encoding one or more
CRISPR comiponents,

In some embodiments, 8 vector comprises one or more insertion sites upsiream of &
sequence encoding 8 ractRNA-binding segment, and/ora sequence encoding a tracrRNA, andfor
a seguence encoding @ chimeric RNA or an sgRNA. u some smbodiments, a vector comprises
One OF more insertion sHes downstream of a sequence encoding a tracrBRNA-binding segment,
amd/or a sequence encoding 8 tracrRNA, and/or a sequence encoding a chimeric RNA or an
sgRNA.

In some embodiments, a vector comprises an msertion site downstream of a pronuster, In
some embodiments, 8 vector comprises ong of more insertion sties {e.g. about or more than ahout
1,2,3, 4,56, 7, 8,9, 16, or more insertion sitex) downstream of a pramoter,

Que or more sequences encoding one or more CRISPR components and the sequence
encoding a Cas enzvme may be lovated on the same or different vectors.

o some embodiments, seguensces encoding one or more of the present CRISPR

components are part of a vector system tansiently transfected into the host cell. Alternatively or
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addiionally, sequences encoding one or more of the resent CRISPR components are stably
mtegrated into a genome of g host cell,

A single vector, or two or more vectors, may be used to target CRISPR activity to, ong,
two, or more different target saquences i vitro of within & cell. For example, @ single veetor, or
two or more veotors, may encode one or more of the present CRISPR components targeting
about, or more than about, 1, 3, 3,4, 3,6, 7, 8,9, 10, 15,20, or more target sequences. In some
embodiments, about, or more than about, 1, 2, 3,4, 5,6, 7, 8 9,10, or more vectors encoding
one or more of the prasent CRISPR components imigeting about, or more than about, 1,2, 3,4, 5,
6,7, 8, 9, 14, or more target sequences may be provided, and optionally debivered to a population
of cells. ULS. Patent Publication No, 20150133315,

A single vector, or two of more vectors, may be used to encode one, two, or more
different iIRNAs or isgRNAs. For example, a single vector, or two or maore vectors, may encode
gbout, or more than about, 1, 2,3, 4, 5, 6,7, 8, 9, 10, 15, 20, or more iIRNAs or ispRNAs. In
some embodiments, about, or more thanabout, 1, 2.3, 4, 5,6, 7, & 9, 10, or miore vectors
encoding about, or mwre than about, 1,2, 3,4, 5,6, 7, 8,9, 10, or more iRNAs or isgRNAs may

3

be provided, and optionally delivered to a population of cells.

As used heretn, & "vector” miay be any of & number of nucleie acids into which @ desired
sequence pr sequences may be mserted for transport between different genstic environments or
for expression in a host cell. Vectors include, but are not Himited to, nucleie acid molecules that
are single-stranded, double-stranded, or partially double-stranded; nucleic acid molecudes that
comprise one or more free ends, no free ends {e.g. circular); nucleic acid molecules that comprise
IINA, RNA, or both; and other varieties of polynuclestides known in the art.

Vectors include, but are not imsted to, viral vectors, plasmids, cosmids, fosmids, phages,
phage fambda, phagemids, and artificial chromosomes.

YViral vectors may be dertved from DNA viruses or RNA viruses, which have either
episomal o integrated genomes after delivery o the cell. Anderson, Science 256:808-813
{1992}, Nabel & Felgner, TIBTECH 1121217 (1993); Mitant & Caskey, TIBTECH 11:162-
166 {1993y, Dillon, TIBTECH 11:167-175 (1993); Miller, Nature 357455460 {1992); Van
Brant, Biotechnology 6{10):1149-1154 (1988): Vigne, Restorative Neurology and Neuroscience

St

8:3336 (1995 ), Kremer & Perricaudet, British Medical Bulletin 31(1)31-44 (1995); Haddada et
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al., in Carrent Topics m Microbiology and Dumunology, Roerfler and Boblun {eds) (1995) and
Yu et al, Gene Therapy 1:13-26 (1994).

Viral vectors may be dentved from retrovirases (including lentiviruses), rephication
defective retroviruses {including replication defective lentiviruses), adenoviruses, replication
defective adenoviruzes, adeno-associated viruses {AAV), herpes simplex virases, and
poxvirnses, In some embodiments, the vector 1s a lentiviral vector, Options for gene delivery of
viral constructs are known {see, e.g., Ausebel ef gl Curvent Protocols in Molecular Biology,
Jobn Wiley & Sons, New York, 1989 Kay, M. A, etal, 2001 Nat. Medic. 7(1):33-40; and
Walther W. gnd Stein U, 2000 Drugs, 50(2); 249-71).

Any subtype, seratype and psendotype of lentivirnses, and both naturally occurring and
recombinant forms, mav be used as a vector for the present systerns angd methods. Lentiviral
vectors may include, without Bmittation, primate leativirases, goat lentiviruses, sheep
lentiviruses, horse lenhiviruses, cat lentivirnses, and cattle lentiviruses:

The termt AAY covers all subtypes, serotypes and pseudotypes, and both naturally
occntring and recombinant forms. AAV vival vectors may be selected from among any AAV
serofype, including, without Hmitation, AAVY, AAVZ AAVI AAVY, AAVS, AAVS, AAVT,

AAVE AAVY, AAYI0 or other known and unknown AAV serotypes. Pseudotyped AAV refers

o an AAV that contains capsid proteins from one serotype and a viral genome of & second
SErOLVpE.

A variety of vestars may be used to deliver CRISPR components to the tarpeted cells
andfor a sabject, {n some enibodiments, one or more seguences encoding one or more of the
present CRISPR componenis are part of the same vector, or two or more veriors,

The constructs encoding the present CRISPR components can be delivered to the subject
using one or more vectors{e.g, 1, 2,3, 4, 5, 6, 7, 8, 8, or more vectors). One or more sequence
encoding one or more CRISPR components can be packaged fato g vector. A CUas enzyme can be
packaged into the same, or alternatively separate, vectors.

Vectors may further contain one or more marker sequences suiable for use i the
wdentification of cells which have or have vot been mfected, transformed, transduced or
transfected with the vector. Markers mclude, for gxample, penes encoding protens which
inerease or decrease ither resistance or senstiivity to antibiotics or other compounds, genes

which encede enzymes whose activities are detectable by standard assays known in the art {2 g,
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B-palactosidase, luciferase or alkaline phosphatase), and genes which visibly affect the
phenotype of iransformed or transfected cells, bosts, colonies or plagues {e.g., green fluorescent
protein, red fluoresvent protem). Molecular Cloning: A Laboratory Manual, Fourth Edition,
Cold Spring Harbor Laboratory Press, 2012, Current Protocals in Molecular Biology, John
Wikey & Sons, Inc.

Vectors can be desipned for expression of CRISPR components m prokaryelic or
exkarvotic cells, For example, CRISPR transcripts can be expressed in bacterial colls such as
Escherichia col, msect cells {using baculovirus expression vectors), yeast cells, or mammalian
cells. Alernatively, one ot more sequences encoding one or more of the CRISPR components
can be transcribed and translated in vitro,

Vectors may be introduced and propagated in s prokarvete. In some embodiments, a
prokaryote is nsed fo amplify copies of a vector to be introduced into 4 eakaryotic cell or asan

intermegdiate vector in the production of a vector to be mtroduced into a eukaryotic cell {e.g.

amphitving a plasmid as part of a viral vector packaging systema),

In some embodiments, a prokaryote is used to amphfy copies of a vector and express one
or more nucleic acids, such as to provide a source of one or wmore proteins for delivery to g host
call or host organism. In some embodiments, & vector 18 a yeast expression vector. In some
embodiments, & vector drives protetn expression in insect cells using baculovires expression
VeCtors,

In seme embeodiments, 8 veetor is capable of driving expression of one or more seguences
yn manunalian cells using 8 mammalian expression vector. Nos-Hmiting examples of promoters
include those derived from polyoma, asdencvirus 2, cyvtomegalovirus, sintan virns 40, and others
disclosed herein and known i the art. Sambrook, et al,, Molecular Cloning: A Laboratory
Manual, 4th ed., Cold Spring Harbor Laboratory, Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.JY,, 2012,

Reporter genes that may be used with the present systems and methods include, but are
not imited to, sequences encoding glutathione-S-transferase (GST), horseradish peroxidase

{HRP), chloramphenicol acetyhiransferase (CAT) beta-galactosidase, Juciferase, green
flucrescent protein (GFP), pvan fluorescent protean (CFPY, vellow Huorsscsnt pratein {YFP), and
auto fuorescent proteins including blue fluorescent protein (BEP), may be introduced into a cell

0 encode g gene product which serves as o marker,
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I some embodiments, sequences encoding one or more of the present CRISPR
components may contain modifications mclading, but not limited to, a 5 cap{eg.a ?-
methyiguanylate cap {m7G}); 2 3 polvadenylated tail (e, 33" poly(A) tail); a riboswiteh
sequence {e.g., to allow for regulated stability and/or regulated accessibility by proteins and/or
protein complexes); a stability control sequence; a sequence that forms a dsRNA duplex {e.g.. a
hairpin}}; & modification or sequence that targets the RNA 1o a subcellular location {(e.g., nucleus,
mitochondria, chloroplasts, and the tike}; a modification or sequence that provides for tracking
{o.g., direct conjuganon to a fluorescent molecule, conjugation to a molety that facilitates
Huorescent detection, a sequence that allows for fluorescent detection, eke ), a modification or
sequence that provides a binding site for proteins {e.g., proteins that act on DNA| including
transeriptional activators, transeriptional repressors, DNA methyltransferases, DNA
demethylases, listone acetylivansferases, histone deacetylases, and the like}; and combinations

thereof

The present disclosure also provides for Rbraries comprising two or more of the present
constracts {2.g., vectors), or two of more of pRNAs, A litwary of constructs {e.g., vectors) refers
0 a vollection of two or more constructs {2.g., veotors).

The present discloswre provides a library of gRNAs with corresponding iIRNAs or
1sgRNAs The present disclosure provides a library of nucles acids {e.g., constructs, vectors,
ete ) encading gRNAs gnd corresponding iIRNAs or isgRNAs. For example, the present Iibrary
may be a vector Hbrary encoding gRNAs and cotresponding iIRNAs or isgRNAs.

The present system may be a genome wide ibrary. The library may target  subset of the
genome of any organism, or a set of genss relating 0 a particular pathway or phenotype. The set
of genes targeted by the present system may be the entire genome of an organism, or may be &
subset of the genome of an organism.  The set of genes way relate to a particular pathway (for
example, an enzymatic pathway, an inmune pathway or a cell diviston pathway) or a particular
disease or group of diseases or disorders {e.g., cancer) may be selected,

The present library may target about 100 or mere sequences, about 1000 or more
sequences or about 20,000 or more sequences, of the entire genome of an organism. The target
sequences nray be different loc: within the same genefs). The target sequences may be different

genes. The present library may targer 2 o 60 different loci within the same gene target or across
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mulfiple gene targets. For example, the present library may tasget 2,3, 4, 5.6, 7 &, 9,10, 11,12,
13,34, 15, 16,17, 18,10, 20, 21,22, 23,24, 25,36, 27 28,29 30, 31,32, 33, 34, 35,36, 37, 3§,
30,40, 41,42, 43 44, 45, 46,47, 48, 49, 50, 51,52, 53, 54, 55, 56, 37, 58, 59 or 60 different
DNA sequences. In some entbodinients, the present library may target more than 60 different
loct within the same gene target or across pudtiple gene targets, such as 65, 70, 75, 80, 83, 90,
95, 100 or more differem DNA sequences.

The library may alter {decrease or increase) the expression fevel or the function of at least
one gene, ey, all genes of the set of genes. The lbrary may result 1n a knockout of at least one
gene, ¢.g., all genes of the set of geones,

The present svstem {e.g., hbranes, constucts, vectors) and method may reduce {or
mcrease) the expression level of at least one gene by at least 10%5, 15%, 20%, 25%, 30%, 35%,
40%, 45%, S0%, 5%, 60%, or at least 65% as compared to expression level of the gene n the
ghsence of the present systern. The prosent systent {e.¢., the present ibrary) may reduce activity
of at least one protein encoded by 8 gene by at least 10%, 158%, 20%, 25%, 30%, 35%, 40%,
453%, 30%, 55%, 60%, or at least 65% as compared to activity of the protein encoded by the gene

11 the absence of the present systeny

DNA may be isolsted from cells by any method well known in the art. For exanple,
DINA extraction may include two or more of the following steps: cell tysiz, addition of a
detergent or surfactant, addition of protease, addition of RNase, alcohol precipitation {eg.,
ethanol precipiation, or isopropanol precipitation), salt precipitation, organic extraction {e.g.,
phenol-chloroform extraction}, sehd phase extraction, silica gel membrane extraction, CsCl
gradient purification. Various commercial kits {e.g., kits of (agen, Valencia, CA) can be used to
extract DNAL

The DNA fragments may or may not be separated by gel electrophoresis prior tomsertion
10 VeCtnTs,

DNA fragments may be mserted mito vectors using, e.¢., DNA ligase. Each vecior vy
contain a different insert of DNAL In some embodiments, fragmented DNA is endwepaired
before being ligated t© g vector. Fragmemed DNAs may be Hgated to adapters before bemng

unerted into veciors,
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This present system {libraries, constructs, vectors, gte. j may be used for scregning genetic
mteractions, gene functions, ete. m cellular processes as well as diseases.

A library may be introduced into a population of cells in vitro of In vivo to soreen for
benaficial mutations {or combinations of mutations) in a set of genes, and a desired phenotype
wdentified, The set of genes may be the entire genome of an organium, a subset of the genome of
an prganism, or genes involved in target pathways {2.g., 8 metabolic pathway, a signaling
pathway, etc.}.

The present disclosure alse provides for a method of mapping genstic mteractions by
delivering the preseat system (e.g., the present libraries, construtts, vectors) into a population of

cells.

The present disclosure alzo provides for methods of delivering one or more nucleie acids
{e.g., the present systems, constructs, vectoss, hbraries ete., andfor one or more of the present
CRISPR components), one of inore ranscripts thereof, and/or one or profeins transeribed
therefrom, to a population of cells.

The present systemy may also encode a Cas enayme, such as a Cas®. The present method
may also inclade delivering DNA or mRNA encoding a Cay enzyme o the cells. Alternatively or
additionally, the cells may express a Cas enzyme (e.g., Cas® expressing cells). For example, the
cells may be stably transfected with IINA encoding Cas®. The cells may have DNA encoding
Cas9 stably integrated. Expressing the nucleic acid molecule may also be accomplished by
yategrating the nackeic actd molecele into the genome. ULS. Patent Publication No. 20160186213,

In some embodiments, a Cas enzymoe n combination with {and optionally complexed
with) a gRNA, a sgRNA, an iIRNA, andfor an isgRNA, is delivered to a cell.

The Cas enzyme {e.g., Cas?) may be driven by an mducible promoter {e.g. doxveychine
mducible promoter) of a constifulive promoter.

Nucleic acids can be delivered as part of a larger construet, such as @ plasmid or viral
vegtor, or directly.

Nucleie acids {DNA or RNA) can be ingroduced o a population of cells using methods
and techniques that are standard 1o the ant, such as wiection, wansforrmation, ranstection,
transduction ete. Non-Hmting examples of methods to introduce nucleic acids into cells include

fipofectamine transtection, calcium phosphate co-precipitation, electroporation, DEAE-dextran
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treatment, microinjection, lipid-mediated transfection, viral nfection, chemical wansformation,
electroporation, lipid vesteles, vival transporters, ballistic transformation, pressure indoced
transformation, viral transduction, particle bombardment, and other methods known in the art.

The nucleic acids may be delivered to cultured cells in vitro. Alternatively, the nuclexe
acids may be delivered to the cells in a subject, Cells may be isolated from a subject and
modified using the present system and method o vitra,

The present discloswre farther provides cells produced by the methods deseribed bergin,
and organisms (such as animals, plants, or fungt) comprising or produced from such cells.

bt some embodiments, a population of cells are trangiently or non-transiently {e.g.,
stably) transfected or infected with one or more vectors described heretn. In some embodiments,
a population of ¢ells are infected or transfected as 1 naturally ocours in a subject. In some
embodiments, a population of cells that are infected or transfected are taken from a subject. In
some embediments, the cells are dertved from cells saken from a subject, such as a cell line. Cell
lines are available from a variety of sowrces known to those with skill in the art (see, e.g., the
American Type Calture Collection (ATCCY). In some embodiments, a cell mfected or transtected
with one or more vectors described heremn 18 used to establish g cell hne comprising one or more
sequences encoding one or more of the present CRISPR components.

Swuitable cells inchude, but are not limited to, manumaltian cells (e g, human cells, mouse
cells, rat cells, etc. ), prinwary cells, siem cells, avian cells, plant cells, insect cells, bacterial cells,
fungsl cells {e.g., veast cells), and any other type of cells known to those skilled in the st

R

The present disclosure alse encompasses kits contaming the present systerns {e.g., the
present, constructs, vectors, hibraries efe,, andéor one or more of the present CRISPR
components .

I some embodiments, the kit comprises a vector systent and instructions for using the
kit. Elements may be provided individually or in combinations, and may be provided in any
surtable contamer, such as a vial, a bottle, or aiube.

I some embediments, a kit comprises one or more reagents for use in a process utilizing
ane or more of the elements desenbed berein. Reagenis may be provided in anv suitable

container. For example, a kit may provide one or more reaction ov storage bufters. Reagents way



WO 2017/205290 PCT/US2017/033835

be provided in a form that is usable v a particular assay, or ina form that requires addition of

one or more other components before nse {e.g. m concentrate or tyophilized form).

The present disclosure encompasses assaying or screening cells expressing the present
system {e.g., the present constructs, vectors, Hbraries ete., and/or one of more of the present
CRISPR components).

The ability of an iIRNA {or i3gRNA) and a gRNA 1o direct sequence-specific binding of a
CRISPR complex to a target sequence may be assessed by any suttable assay, such as by
Sum:ym a8sAY.

Muclease cannbe a ms:mbm" ot the CEL family of mism&ci&spe@i fic nucleases dexivg»:} from
celery. Surveyor Nuclease recognives and cleaves mismatehes due to the presence of single
nuclectide polvmorphising (SNPs) or small msertions or deletions. Survevor nuclease cleaves
with high specificity at the 3 side of any mismaich site in both DNA strands, including all base
substitutions and insertion/deletions up 1o at least 12 nucleotides. Surveyor nuclease techuology
mvolves four steps: {1} PCR to amplify target DNA from the cell or tissue samples anderwent
Cax? nuclease-mediated cleavage {here we expact to see an nonbomogenaous or mosaic pattern
of naclease treatment on cells, some cells got cuts, some cells don't); (i) hvbridization to form
heteroduplexes between affected and unaffected DINA {Because the affected DNA sequence will
be different from the affected, 2 buizg.,ﬁ: structure resulted from the nusmach can form after
hetemdu_piaxes {’cui'. the ‘buige&}; and (iv} an&iyﬁis of digested DNA pmx:iucts using the
detection/separation platform (}f@hﬁiﬁeﬁ for mstance, agarose gel electrophoresis. The Cas9
muclease-mediated cleavage efficacy can be estimated by the ratio of Surveyvor nuclease-digested
over undigested DINA. Surveyor mutation gssay kits are conunercially availgble from Integrated
DNA Technologies {1071}, Coraville, 1A

Similarly, cleavage of a target sequence may be evaluated in a fest tube by providing the
target sequence, components of a CRISPR complex, including the 1RMA to be tested, gRNA o
be tested, and a coutrol IRNA {or wsgBNAY different from the test IRNA (or 1sgRNA) sequence,

andfor a control gRNA differant from the test gRNA sequence, and comparing binding or rate of
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cleavage at the target sequence between the test and congod reactions. Other suitable assays are
also possible.

To deternine the function of the genes modalated by the present CRISPR-Cas system,
cells contacted with the present system are compared to control cells, e, withowt the CRISPR-
Cas system or with a non-specific CRISPR-Cas systeny, to examine the extent of modification
{e.g., inhibition or activation) of gene activity, andfor change {e.p., increase or decrease) it gene
expression level, Control samples may be assigned a relative gene expression value of 100%.
The present CRISPR-Cas system may decrease or morease gene activity and/or gene expression
level by about or at least shout 80%, 30%, 28%, 10%, 5%, 2-fold, S~fold, 10-fold, 20-fokd, at
least about 1.2 fold, at least about 1.4 fold, at least shout 1.5 fold, atleast about 1.8 fold, at least
about 2 fold, at least ahout 3 fold, at least about 4 fold, at least abous § fold, at least about & fold,
at least about 7 fold, at Teast about 8 fold, at least about 10 fold, at least ahout 13 fold, at least
about 20 fold, at least about 25 Hold, a1 Ipast about 30 fold, at least about 35 O, ar lesst about
40 -fold, at least abowt 30 fold, at least about 60 fold, at least about 70 fold, at least about 80 fold,
at teast about 90 fold, at least about 100 fold, &t least ghout 200 fold, at least about 250 fold, at
least about 300 fold, at Teast about 400 fold, or at least about 5300 fold, compared to the gene
expression level andfor gene activity in the control.

The expression level of the modified gene may be at Teast about 1.2 fold, at least about
1.4 Told, at least about 1.5 fold, at least about 1.8 fold, at least about 2 fold, at least about 3 fold,
at least about 4 fold, &t least about S fold, at least about 6 fold, at least abount 7 fold, at least abowt
R fold, at least about 10 fold, af least about 15 fold, at least about 20 fold, at least about 25 fold,
at least about 30 fold, at least about 35 fold, ai least about 40 fold, at least shout 50 fold, at feast
about 80 fold, at least about 70 fold, at least about 80 fold, at least about 99 fold, at feast about
100 fold, at least sbout 200 fold, of the expression level of the gene i s natural ferm{e.g., 11
controd cells),

For example, an assay is used to determine whether or not the gens targeting is associated
with a selected phenotype. It can be determined whether two 0r more genes are assopiated with
the same phenotype. The present system {(e.g., libraries, constructs, vectors) can also be used 1o
determing whether s gene participates with other genes in a particular phenotype.

A phenotype refers to any phenotype, e ., any observable characteristic or functional

effect that can be measured 1n an assay such as changes m cell growth, proditeration,
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morphology, eneyme function, signal transduction, expression patters, downstream expression
patterns, reporter gene activation, honmone release, growth factor relesse, newotransmitier
release, ligand binding, apoptosis, and product formation. A candidate gene is "associated with”
a selected phenotype if modulation of gene expression of the candidate pene causes a change in
the selected phenotype,

In cenain embodiments, gene expression and/or madification can be assaved by
determining any parameter that is indirectly or divectly affected by the expression of the target
genes, Such parameters mclude, e, changes in RNA or protein levels, changes m KNA
stability, changes in profemn activit}g changes m product levels, changes in downstream gene
expression, changes in reporter geng transcription or expression {e.g., via chemiluminescence,
fluorescence, calorimetric reactions, antibody binding, inducible markers, Hgond binding assays,
such as assayving huctferase, CAT, beta-galactossdase, beta-glucuronidase, GFP (see, e.g, Mistihi
& Spector, Nature Biotechnology 15:961-964 (1997)); changes in signal transdoction, changes in
phosphorylation and/or dephosphorylation, changes in receptor-igand interactions, changes in
second messenger (such as cGMP and inostiol griphosphate {1P3)) concentrations, changes in cell
erowth, changes in intracelludar calcivm levels; changes in ovtokine release, and changes in
neovascularization, gte., as described herein. These assays can be in vitro, in vivo, and ex vive,

Such assays include, e g, wransformation assavs, e.g., changes in proliferation, anchorage
dependence, growth factor dependence, foct formation, growth i soft agar, tumor proliferation
in nude mice, and twnor vascularization m nude mice! apopiosis assays, 8.8, DNA laddering and

cell death, expression of genes mvolved in apoptosis; signal transduction assays, e.g., changes iy

wnfracelivlar calotum, cAMP, cGMP, 1P3, changes in hormong and neuro‘fzfansmitter release;

receptor assays, e.g., estrogen receptor and cell growth; yrowth factor assays, e.g., FPO, hypoxia

and erythrocyte colony forming units assays; enzyme product assays, e.g., FAD-2 mduced oil
desaturation; anscription assays, e, reporier gene assays; and protein production assays, €&,
VEGF ELISAs.

The present functional soreens allow for discovery of novel homan and manunalian
therapentic apphcations, including the discovery of novel drugs, R, e.g,, treatment of genetic
diszasas, cancer, fungal, protozosl, bacterial, and viral 'i‘ilﬁi‘-c-’ii{},& wchenva, vascular discase,

avthritiy, smmunological disorders, ete.
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In some embeodiments, eells wansiently or non-ttansiently ttansfected or mnfected with one
or more vectors desertbed herein, or cell lines denived from such cells are used i assessing one

oF nyore test compouds,

The present methods and systems may be used for mapping penefiv interactions, large-
scale phenotvping, peneg-to-function mapping, meta-gencmic analysis, drug screeningy, disease
diagnosis, prognosis, ete, WOR20135071474,

The presenst methods and systems may be used fo treat a genetic disorder, including
genetic disorders with one or more wsertions, deletions, and/or point mutations {e.g. Duchenne
muscular dystrophy}.

The present methods and systems may be used to develop personalized gene thevapy

strategies for subjects with genetic vutations.

The present methods and vectors can be used to identify two or miore inhibitors targeting
two or more genes, The inhibitors can be used to treat disorders or diseases.

For example, the inhibttors identified by the present method may be used o reduce or
inhibit cell proliferation. The cell may be a cancer ceil. The inhilitors may be used to treat
cancer. In some embodiments, the mhibitors are a sequence encoding an 1IRNA, a sequence
encoding an sgRNA, a sequence sncoding a gRNA; an antisense RNA, an siRNA or shRNA;
and/or & small molecule.

The present application provides methods for treating a disorder (e.g., cancer, or other
disorders described herein} in a subject comprising admimistering to the subject @ combination of
two or more inhibriors targeting two or more genes. The inhibitors are administered n a
therapeutically effective amount.

I some embodiments, the effective amount of each of the two or more 1alubitors
adninistered in the combination is less than the effective amount of the inhibitor when not
administered in the combination

The present methods amd systems may be used for CRISPR display which is a targeted
tocalization method that uses Sp. Cas9 to deplov large RNA cargos o DNA ol For example,
one or more RNA domaing may be mserted info one or more gRNAs. In some embodiments, the

vector encodes a gRNA fused to one or more RNA domain. In some embodiments, the RNA s 3
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non-coding BNA or fragment thereot. In such embodiments, the RNA dowmasm miay be targeted to

long noncoding RNAs and synthetic RNA devices in vivo, Nature Methods, 2015, 12{7h664-
670,

The present svstens may be analyzied by sequencing ¢r by microarray analvsis. It should
be appreciated that any means of determining DNA sequence is compatible with identifving one
oy more DNA elements.

The DNA may be exiracted and sequenced to identify 8 sequence encoding an (RNA &
sequence encoding an 1sgRNA, and/or a sequence encading a gRNA, andfor genetic
modifications.

DNA may be amplified via polymerase chain reaction {PCR) before being sequenced.

The DNA may be sequenced using vector-based prumers; or a specific gene is sought by
using specitic primers. POR and sequencing technigues are well known in the art, reagents and
equipment are readily available conwnercially.

Non-ftmiting examples of sequencing methods include Sanger sequencing or chatn
termunation sequencing, Maxane-Githert sequencing, capillary array DNA sequencing, thermal
cycle sequencing (Sears et al, Biotechniques, 130626633 (1992)), solid-phase sequencing
{Zimmerman gt al., Methods Mol Cell Biol | 3:39-42 {1992)), sequencing with mass
spectrometry such gs muatrix-assisted Yaser desorptionfiomization time-of-fHight mass specirometry
{(MALDILTOFMS; Foetal,, Nat. Biotechnol, 16:381~384 {199R)), and sequencing by
hybridization {Chee et al,, Science, 374:610-614 (1996); Drmanac et al., Science, 260:1649-1652
{1993} Drmanac et al,, Nat. Biotechnol., 16:34-38 {1998}), NGS (next-generation sequencing)
{Chen et al, Genome Res. 18:1143-1149 (2008); Srivatsan et al. PloS Genet. 4:61000139
{20081}, Polony sequencing (Porreca of al., Cwrr. Protoc. Mol Biol. Chp. 7; 7.8 {2006}, on
semiconductor sequencing (Elliott et al, I Biomol Tech. 1:24-30 (2010), DNA nanoball
sequencing (Kaji et al,, Chern Soc Rey 39:948-36 {2010), single-molecule real-time sequencing
{Flusberg gt al,, Nat. Methods 6:461-5 (2016}, sequencing by synthesis (e.g, lumina/Solexa
sequencing, sequencing by Baation, sequencing by hybodization, nanepore DNA sequencing
{Wanung, Phys Life Rev 9:125-58 {2012), massively Paralle! Rignature Sequencing {(MPSS);

pyto sequencing, SOLID sequencing (McKeman et al. 2009 Genome Res 19:1527-1541; Shearer
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etal 2010 Proc Natl Acad Sci USA 107:21104.21109); shontgun sequencing; Heliscope single
molecule sequencing; single molecule real time (SMRTY sequencing. ULS, Patent Publication
Na. 20140329708,

High-throughput sequencing, next-generation sequencing (NGR), andior deep-sequencing
technologies include, but are not limited to, Iumina’Selex sequencing technology {Bentley et al.
{Flusberg et al. 2010 Natare methods 7:461-463; Korlach et al. 2010 Methods in enzymology
472:431-455; Schadt et al. 2010 Nature reviews. Genetics 11:647-657: Schadt et al, 2010 Human
molecular genetis 19:R227-240; Fid ef al. 2009 Science 323:133-13R; hmelfort and Edwards,
2009 Briefings in bioinformatics 10:608-018), Ion Torrent (Rothberg et all 2011 Nanwe 475:348-
352)) and more. For example, Polony technology utilizes a single step to generate billions of
"distinet clones™ for sequencing, As another example, ton-sensitive field-effect transistor
(ISFET) sequencmg technology provides a non-optically based sequencing technique. US,
Patent Publication No. 20140329712,

Several methods of DNA extraction and analysis are encompassed in the present
disclosare, As used herein "deep sequencing” indicates that the depth of the process is many
times larger than the lfength of the sequence under study. Deep sequencing ts encompassed in
next generation sequencing methods which include but are not lmited to single molecule
realtime sequencing (Pacific Bio), Ton senuconductor {fon torrent sequencing}, Pyrosequencmg
{454}, Sequencing by synthests (lilumuna), Sequencing by ligations (SOQLID sequencing) and
Chain ternrination {(Sanger sequenging}.

Sequencing of the DNA after introduction of the present systent into cells can identify the
specific genes {e.g., the specific pair{s} of genes) affected by the CRISPR system corresponding
to 8 selected phenotype.

Sequencing reads may be first subjected to gquality control o identfy overvepresented
sequences and low-guality ends. The start and/or end of a read miay or may not be trimmed.
Sequences mapping to the genome may be removed and excluded from hucther analysis. As used
hevein, the term “read” refers to the sequence of 8 DNA fiagment obiained after sequencing. In
cerfain enmbodiments, the reads are paired-end reads, where the DNA fragment is sequensced

from both ends of the molecule,
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The present systems and methods may be used to manipulate nucleic acids of a suitable
organism. The organism may be g enkaryotic organism, including human and non-human
eukaryotic organisms. The organism may be a multicellular eukaryvotic organism. The organism
may be an animal, for example 3 mammal such as a mouse, 1at, or rabbit. Also, the organism
may be an arthropod such as an insect, The organizsm also may be & plamt or a fiungus. The
arganisn may be prokarvotic,

I one embodinent, the cell is a manmmatian cell, such as a buman cell, Huwman cells may
include homan embryonie kidney cells {e g, HEK2931 cells), human dermal fibroblasts, human
cancer cells, ete. The organism may be g manmal, such as hunans, dogs gnd cats, farm animals

¢, Tafs, mice,

=<

such as cows, pigs, sheep, horses, goats and the like, and laboratory amimals (e
guinea pigs, and the like). The present system may be delivered by plasmids or delivered by
viruses such as lentiviruses, adenoviruses or AAVs.

In ancther pmbodiment, the cell is g veastcell. The crganismi may be g veast. The
prosent system nray be delivered by plasmids or shuitle vectors. In vet another embodiment, the
cell is a bacterial cell. The crganism may be bacteria, The present system may be delivered by

plasnuds or phages.

The tollowing sre cxamples of the present invention and are oot to be construed as

hniting.

Example 1

The adaptive bacterial immunity system, CRISPR/ACasY, has provided researchers with an
effective ool to edit the DNA sequences (11 It paved the way for directing the Cas9 naclease to
target a particular DNA sequence by just replacimg the base-pairing sequences of the saRMA.
Additionally, the ability to localize the engyme within the nucleotide precision allowed ps 1o
monitor the celhular reactions volving DINA and RNA by wsing nuclease deficient Cas9 {2).
However, the requirement of a Protospacer Adjacent Mot (PAM) sequence o be present
immediately adjacent to a target region Himits the possible genomie sequences that are suitable
for Cas® targeting. Furthermore, the PAM requivement also increases the hkelihood of off-target

matations on other chromosomes (31,

L8
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Sternberg o of. observed cleavage of single-stranded DINAs without PAM. Ma ¢f ol. also
reported that CRISPR/Cas9 system can cleave single-stranded DNAs in the absence of the PAM
region (4, 5} Therefore, unlike the dsDNA substrates, it is possible to cleave ssDNAs with or
without PAM motifs.

Here a vovel strategy of cleaving any dsDINA target independent of PAM is disclosed.
Specifically, the two strands of the dsDNA are tansiently separated by using an invader RNA
{(iRNA}. Once the strands are separated and a bulge is formed, the Cas? complex binds to the
target sequence of the target strand and cleave the DNA. In the absence of the timely strand
separation induced by the iIRNA | Cas9 complexes would skip the target due to the lack of PAM
sequences (4

The single guide RNA structure may be extended to inclode an invader RNA which can
hybridize with (or is complementary 10} a sequence in the non-target strand of the double-
stranded DNA, to hutiate strand separation, hliowed by Cas9 binding, and the cleavage of the
arget, as shown in Figwre 1A, Once the first cleavage ocows on the itial target strand, the
complemenmtary non-target stramd may also be targeted with another Cas9 complex: This strategy
elinvinates the requirement for PAM.

Another strategy to sepavate the strands of a dsDINA includes using an invader RNA
{IRNA} that is separate from the guide RNA, aRNA andfor tractRNA as shown in Figore 1B,

To test the PAM-independent DNA cleavage sirafegy, two target sequences within a
2148-bp dsDNA (SEQ ID NO: 1) were selected.  The two target sequences were adjacent to
AUG or TAT sequences. The selected target sequences are not near any of the known PAM
sequences {6). The 2148-bp dsDNA was targeted by exther {1} Cas9 plus an isgRNA or {11} Cas9
plas an 3gRNA and iIRNA.

The two isgRNAs were named as isgRNA 580 {transcribed by the DNA template as

SEQ I NG: 7) based on their respective cleavage sites in the deDINA. IsgBNA 380 and isgRNA
591 target different strands of the dsDNA. IsgRNA 580 guides DNA cleavage ot nucleotide 580
of one sirand of the dsDNA, IsgRNA 591 guides DNA cleavage at nucleotide 591 of the other
strandd of the dsDNA. Each of spRNA 380 and 1sgRNA 583 containg an iRNA sepment GRNA

380 and iIRNA 391, respectively) that can hybridize to the non-target DNA strand.

L
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Similarly, the two sgRNAs were named as suRNA S80 (ranseribed by the DNA template
as specified in SEQ 1D NO: 10) and sgRNA 591 {transcribed by the DNA template as specified
i SEQ 1D NGO 11) based on their respective cleavage sites i the dsDNA, SgRNA 580 and
sgRNA 591 rarget different strands of the dsDNA. SgRNA 330 guides DNA cleavage at
nucleotide 580 of one strand of the dsDNA. SgRNA 591 guides DNA cleavage at nucleotide §91
of the other strand of the dsDNA. Each of sgRNA 580 and sgRNA 591 was used in combination
with an iRNA that can hylwidize o the nondarget DNA strand, SgRNA S80 was wsed
combination with (RNA 580 (SEQ 1D NG: 8). SgRNA 591 was used m combination with iRNA
391 {SEQ ID NO: 9). The molar ratio of the iIRNA 0 the sgRNA was 10:1 or 10421,

The reaction buffer was 20 mM HEPES, 100 raM NaCl, 5 mM MeCl, 0.1 mM EDTA,|
pH &8, The reactions were incubated overnight at room femperature {(ambient temperature),

The PAM-free DNA cleavage reaction and the control samples {including dsDINA only,
Cas® without gRNA, and Cas® with wild type gRNA in the absence of iRNA}) were analyzed
with gel electrophoresis (Figure 2}, The iIRNA hags a total length of 2R nt which inclades a 200t
sequence that 15 complementary to {van hybridize with) the target strand of the 2.1-kb dsDNA
aud a 4-nt sequence on each of the S%-end and 3-end of the 20-nt sequence. The 1gRNA has a
total length of 134 ot which mcludes the same IRNA seguence linked to the sgRNA by at least
seven wract mucleobases UUULUUU, The orRNA and tracrRNA are wild-type and have a
length of 36 ntand 67 nt.

Figure 2 shows that dsDNA can be cleaved in the absence of PAM by two different
approaches involving an invader RNA. See, Figure 2, lanes 3-4; Cas? and isgRNA {sgRNA
covalently inked with mvader RNAY, and lanes 6-10: Cas9, sgRNA (crRNA-tracrRNAY and ¢
separate invader RNA. Specifically, Lane 3; 8 oM dsDNA, 80 oM Cas®, and 80 nM isgRNA 591
{sgRNA covalenily linked to tnvader RNAY The molar vattos of DNA - DisgRNA 591 are

110, Cleaved DNA can be seen. Lane 4 8§ oM dsDNA, 80 nM Cas®, and 80 oM 1sgRNA
380 {3 ( gRNA covalently linked o fnvader RNA). The molar ratios of DNA ; Cas9 1 isgRNA 580
are 1110010, Cleaved DNA can be seen. Lave & molar ratios of DNA C CasP - sgRNA 591 iRNA
391 are 110:10:100. Lane 6 includes 8 oM dsDINA, 80 nM Cas9, B0 oM saRNA 391 and 300
oM IRNA 591, Lane 7o molar ratios of DNA - Cas® o sgRNA S801RNA 580 are 1:106:10:100.
Lane 7 includes 8 nM dsDINA, 80 nM Cas?9, B0 nM sgRNA 380 and 800 aM IRNA 380, Lane &;
molar ratios of DNA Cas® - sgRNA 5911 IRNA 591 are 1:10:310:1000. Lane 8 includes 8 nM
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dsDNA, B0 nM Cas®, 80 nM sgRNA 597 and & pM IRNA 591, Lane 9 molar ratios of DNA
Cash  sgRNA 5807 iRNA S80 are 1110:10:1000. Lane 9 includes 8 nM dsDNA, 80 oM Cas?, 80
M sgRNA 580 and 8 pM IRNA 580, Lane 10 molar ratios of DINA 1 Cas? : sgRNA CIRNA 580
s Cas9 sgRNA SO IRNA S9Y are 1 DNA D10 Cas9 - 10 spRNA 380: 100 IRNA 380 10 CasH:
10 sgBNA 591 100 iIRNA 391, For the reaction of lane 10, the set of Cas®, sgRNA 591 and
IRNA 391 was added 30 nunutes later than the set of Cas9, sgRNA 580 and iRNA 580, Lane 10
mcludes § nm BSDNA, B0 oM Cas®, 80 nM sgRNA 380, 800 oM iIRNA 380, 80 nM Cas®, 8¢
M sgRNA 591, and 800 aM 1BNA 591, Conirols include Tane 1 {dsDNA only), lane 2 {{Cas9
without gRNAY, and lane 5 {Cas9 with sgRNAY, 1 kb DNA ladder (NEB}Y was used for lane M.
Lane 5. & nM dsDNA, 80 nM Cas® and 80 oM sgRNA. For lane 3, the molar ratios of IINA ¢
Cas9 : sgRNA are 110710

The data demonstrate that the DNA cleavages are facilitated by an fpvader RNA when
supphied pither separately from, or covalently Hinked to, the gRNA. Relatively broad distribntion
of some cleaved DNA bands may indicate that the cleavages ocowr within the target sequence but
net at the same nucleotides. This finding alse suggests the possibility of creating DNA breaks
with sticky ends by shifiing the target sequences of the DNA strands.

To stady the PAM-independent DNA cleavage, different sizes of bulged DNA will be
investigated regarding thewr efficiencies by wing the DNA sequencing technologies. Changing
the length of the invader RNA alters the lifetime of the invader RNA-DNA complex which may
affect Cas9 binding on the target DNA strand. Also, asnployving mismatches on the ivvader RNA
with the recently enginesred Cas® ensvies which have vartant PAM recognition nmtations {7)
will help reveal more molecular detatls of DNA scission m the absence of PAM. Additionally,
different sirategies to link an invader RNA and a guide ENA will be examined, and the size of
the Tinker will be varied.

Gene ediing using the present systens and methods in cukarvotic cells will also be
vestipated. Several RNA delivery strategies from the RNA interference system may be adopted

to mntroduce the RNAs (IRNA, isgRNA, sgRNA, crRNA and/or tractRNA ) into the target cells,

Example 2
PAM-independent DINA cleavage by Cas® was studied by using exther the 1sgRNA or the

separate tRNA approaches.
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Methods

Two isgRNAs were generated by linking the sgBNA with the corresponding 28-nf iIRNA
{complementary to the non-target DNA strand) by at least seven pracil anclecbases UUUUUUY,
The two isgRNAs were named ag 1sgRNA 580 (transcribed by the DNA templaie as specified in
SEQ 1D NO: 6) and isgRNA 59] {ranscribed by the DNA temiplate as specified in SEQ 1D NQ:
7} based on their respective cleavage sites i the &sIINA. IsgBNA 380 and 15gRNA 391 farget
different strands of the dsDNA. 1sgRNA S80 gutdes DNA cleavage at nucleotide 380 of one
strand of the dsDNA. IsgRNA 591 guides DNA cleavage at nucleotide 591 of the other strand of
the dsDNA. Each of isgRNA 580 and 13gRNA 391 contains an IRNA segment that can
hvbridize to the non-target DNA strand.

Similarly, the two sgRNAsS were named as sgRNA SR80 (ranseribed by the DNA template
as spectfied in SEQ D NO: 10) and sgRNA 391 (ranscribed by the DNA template as specified
i AEQ I NO; 11} based ontheir respective cleavage sites in the dslINA. SgRNA 580 and
sgRNA 591 target different strands of the dsDNA. SgRNA 580 guides DNA cleavage at
nucleotide 580 of one strand of the dsDINA. 5gRNA 591 guides DNA cleavage at nucleotide 591
of the other strand of the dsDNA. Each of sgRNA 580 and sgRNA 391 was used in combination
with an IRNA that can hybndize to the pon~target DNA strand. SgRNA 580 was used in
combination with IRNA 580 {SEQ ID NI &) SgRNA 591 was used in combination with IRNA
591 (SEQ ID NO 9y

A 2148-bp dsDNA substrate (SEQ D NO: 1) was targeted by esther () Cas? plus an
isgRNA or (i1} Cas? plas an sgRNA and an IRNA The target regions do not contain canonical
PAM sequences.

To prepare the cleavage assays, Cas® molecules were meubated with the guide RNA
{sgRNA of 1sgRNA) for 10 nuns i the Cas? cleavage buffer. Then dsDRNA was introduced to
the assay. For the reactions with sgRNA and i1RNA, 10X more separate iRNA molecules weare
added 1o the assays containing the sgRNA. The molar ratios of dsDMNA - Cas¥ | sgRNALIRNA
are 100100100, The molar ratio of the iIRNA to the sgRNA was 11). The molar ratios of
dsDNA » Cas9 ispRNA were 11100 The concentrations of the varions components were 48
follows {in reactions where they were presenty 30 nM dsDNA, 300 oM sgRNA, 300 nM
isgRNA, and 3 pM IRNA.

L
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The cleavage assays wete incubated overnight at room temperature. Finally, they were

foaded 1o the 1% agarose gel and imaged for the observation of the cleavage hands.

Results

As a control experiment, only dsDNA was loaded on lane | (Figure 3}, When dsDNA
was attacked by Cas¥isgRNA, a longer (around 1.5 kb) cleavape fragment was observed.
However, a second short fragment was not observed. Thig could indicate that only one strand of
the dsDINA was cleaved when attacked by a single 19gRNA as observed in lanes 2 and 3 {Figure
3} Interestingly, when only one sirand of dsDNA was attacked by regular Cas9/sgRNA and
supplied with a separate IRNA, twe cleavage fragments were observed in lanes 4 and 5 (Figure
33 Finally, a higher cleavage efficiency was observed when both strands of dsDNA were

targeted with two separate sgRMNA and iIRNA in lane 6 (Figare 3.

Example 3

When studying ssIDNA cleavage by the Cas9 systems, Ma et al. only tested the cleavage
activity with 4 orRNA o the absence of any tracrRNA. Ma et al, Single-Stranded DINA
Cleavage by Divergent CRISPR-Cas® Enzyvimes, Mol Cell, 2015, 60 (3}, p398-407. Here, a
cleavage assay of native guide RNA svstem (including both g crRNA and a tracrRNA) coupled

with an invader was investigated.

Method
Two 80-nt ssDNA substrates, ssDNA-1 (SEQ ID NO: 2) and ssDNA-2 {SEQ 1D NO: 3}

were from IDT. Four different assavs were prepared with the two ssDNAs. The assays had (1)
the ssDNA only (lanes 2 and 3 of Figure 4); (1) the ssDNA and Cas9® without any guide RNA
{lanes 4 and 5 of Figore 43 (11} the ssDNA, Cas9, and arRNA-tractRNA and a 28-nt 1IRNA
which complements with a sequence of the ssDNA {lanes & and 8 of Figure 4}; or (iv) ssDNA
and IRNA (lanes 7 and 9 of Figure 4).

All of the assays were mixed in the Cas9 cleavage buffer {(NEB) and ncubated for 2
hours at room temperature. The molar ratios of ssDNA - Cas9 : sgRNA L IRNA gre LI 100,

The mixtures were loaded to a 4% agarose gel which then was stained with Gelred (Biotium).

LA
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Results

The cleavage activity was observed when an iRNA was present (lanes 6 and 8 of Figure
4}. The IRNA hybridizes with ssDINA in the absence of PAM and creates a bulge, before (as9
cleaves the ssDNA (lanes 6 and 8, lower band). The upper bands in lanes 6 and ¥ correspond to

i

the ssIINA associated with the iIRNA {same as lanes 7 and 9).

Example d
Cast and puide BNA preparation

Wild-type Cag® enzymes from S, progenes will be obmined from New England BioLabs
fnc. (MO3IBOS, Ipswich, MA, USA) The invader single guide RNA (1sgRNA) will be designed
by asing the twao loops described at Yinek of of, and extending it from 37 end a3 it can also
hybridize with the non-target DNA strand. Jinek et al,, A Programmable Daal-RNA-Guided
DNA Endonuclease in Adaptive Bacterial Immunity, Science, 2012, 337; 816 After an ssDNA
break occurs independent of the PAM sequence on one strand of the target DNA, another
1sgRNA is ased uimilarly o target the complementary strand of the dsDNA. Thas, & double-
strand break can be achieved.

To transeribe the isgRNA, a single-stranded DNA template will be purchased from
Integrated DNA Technologies {IDT, Coralville, lowa, USAY The complementary strand will be
generated by polvmerase chain reaction (PR} using high fidelity Phusion DNA polymerase
{MO5305, New England BicLabs Inc., Ipswich, MA, USA) Thus, a double-stranded DNA
encoding the isgRNA will be produced.

The formation of dsDNA will be confirmed ustug gel electrophoresis, In vitro
transcription of 1sgRNA will be performed with the T7 RNA polymerase (ThermoFisher
Scientific, Waltham, MA, USA) by using PCR generated dsDNA template which consists the T7
promoter sequence. After transcription, isgRNA will be purified using Zymo RNA Clean &
Concentrator kit (Zymo Research, Irvine, CA, USAY The nuclease activity of the Cas® enzymes
and the transcription of the isgRNA will be tested with the cleavage assay for the 3.6 kb plasmid
DNA which includes the target sequence and PAM {(pT7UFEITNHIs, ThermoFisher Scientific,
Waltham, MA, USA). Linear dsDNA product will be observed with the electrophoresis gel

As8AYS,

LA
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Invive Cas¥ reactions

The activity of the Cas? enzyme in the shsence of PAM will be tested by studving
expression level of the GFP gene (enbancing or silencing) in the CHO-K 1 cells. For silencing the
GFP gene, CHO-K cells will be gansfected with CRISPR nuclease mRNA and in vitro
transcribed i3gRNA. Culiured fransfected cells will be assessed by finorescence wicroscopy for
the GFP signal.

For CRISPR activator assays, dCas® mRNA and the in vitro transcribed isgRNA will be
coupled with MS2 loop and the upregulation will be observed by comparing GFP signal with the

control cells,

In vitre Cas® reactions

{Cas® reactions will be prepared according o the NEB product manual, For the 30 pb of
reaction volume, 6 pL of 3X DP buffer will be added t© 12 pl of nanopure water. Then 9 b of
300uM 1sgRNA and 3 pM stock Cas® nuclease added to the solution. The reaction mixture will
be incubated at 22 € for at least 15 minutes. Afterwards, for bulk experiments, Cas9-isgRNA
complexes mixed with target DNA samples or for AFM experiments, 1 gl of reaction volume
will be gently added to the mica without touching the surface.

Cleavage of ssDNA will also be tested using an sgRNA and an invader RNA.
Additionally, excessive amount of 28-34 nt invader RNA will be mixed with target DNA to
create 2 bulpe on the tarpet site without 8 PAM region. Then, single straud bresks will be

detected by PUR reactions and gel electrophoresis assays.

Atopric Force Microscopy (AFM)

The mechanism and dynamnics of the present systeny may be investigated using AFM,

Poly-L-ornithine mediated surface will be used to immobihze the DNA. A stock seluton
of 0.1 mg mi-~1 poly-L-ornithine (Sigma, 5t Louis, MO, USA) will be prepared. 20 pul. of the
droplet will be applied for 1| minutes to a freshly cleaved mica surface (VWR, Radnor, PA,
URAY. Then, the mica surface will be held with 300 gl nanopwre water and dried with N gas.
Afterwards, @ drop of 30 gl solution containing 0.5 ng L' template DNA in the deposition
buffer (4 mM HEPES, 1 maM KCL 1 mdM MgCl: pH 7.0 a1 22 Celsing) will be apphied to mica
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surface for 3 minutes, Then, the surface will be ninsed with 400 pl. deposition buffer {DP).
Finally, 20 uL of DP buffer applied to the swiace to keep the surface wet,

Atomic Force Microscopy will be performed in liquid with tapping mode using
contmercial AFM microscopes (Bruker Multimode V and Bioscope H) with either AC40 probes
{Bruker, Billerica, MA, USA) with 0.09 N/m nominal spring constant with 25 kHz resonant
frequency or HYDRA probes {(Applied NanoStructures, Mountain View, CA USA) with 0.284
Nim nominal spring constant with 66 kHz resonant frequency st 22 € temperature. In general,
S12 x 256 pixel images over Z-mucron square aress acquived with 1 Hz scan rate. When a
particular DNA-Cgs9 interaction will be investigated, usually an area of 664 nm square will be
scanned up to 4 Hz rate.

Acguired images will be flattened by the Nanoscope software {Bruker, Billerica, MA, USA)Y by
using third order polynomial, Then contour length of the DN A will be vansformed to Tmaged and
traced with Neurond package. After the nuclease event, the long and short piece of the DNA will
be also traced with the same method 1o confiym the specificity of the farget site, Some images

will be processed with SPIP (Iimage Metrology, Hersholm, Denmark).

References:

1y hoek, Martiny, Kreysetof Chylinsky, Ines Founfyra, Michael Haugr, Jennifer A, Doudna,
and Evsnanuelle Charpentier. "A programmable dualRNA-muded DNA endonsclease
i adaptive bacterial inwnunity.” Science 337, no. 6096 (2012} 816-821.

Nelles, I A Fang, M. Y., (¥ Connell, M. R, Xu, J L., Maskouller, 8, J, Doudna, 1. A,
& Yep, . W. (2016}, Programmable RNA tracking m live cells with CRISPR/Cas9.

Cell, 165(2), 488-49

3
e

3y Kaseu, Cem, Sevki Asslan, Ruambhara Singh, Jeremy Thorpe, and Mazhar Adin
"Genome-wide analysts reveals charsctertstios of off-larget sites bound by the Casd
endonuclesse.” Natwre biptechnology 32, no. 7 (2014): 677683,

4y Srernberg, Samusel H.o Sy Bedding, Martin Jinek, Ere €. Greene, and Jennifer AL
Doudna, "DNA mterrogation by the CRISPR RNA-~guided endonuclease TagQ." Nawre

507, no. 7490 (2014): 62-67,

60



WO 2017/205290 PCT/US2017/033835

5% Ma, Enbo, Lucas B. Hamington, Mitchell B O Connell, Kathong Zhou, and Jeanifer A
Doudoa, "Single-stranded DNA cleavage by divergemt CRISPR-Uas? enzymes”
Molecular cell 60, no. 3 (20135 398-407.

6} Leenay, Ryan T., Kenneth R, Maksimohuk, Rebeccs A Slotkowski, Roma N Agrawal,
Ahmed A, Gomaa, Alexandra E. Briner, Rodolphe Bamrangou, and Chase L. Beisel
“Identifving and visualizing fusctional PAM diversity across CRISPR-Cas svstems.”
Molecular cell 62, no. 1 (2016): 137147

7y Kleinstiver, Bempamin P, Michelle 8. Prew, Shengdar Q. Taat, Ved V. Tophar, Nhwm T,
Nguven, Zongh Zheng, Andrew PW Gonzales of al. "Engineered CRISPR-Cas®

nucieases with altered PAM specificities.” Natare 523, no. 7561 {2015y 481483,

The scope of the present invention s not limited by what has been specifically shown and
described hereinabove, Those skilled in the art will recognize that there are suitable alterontives
to the depivied examples of materials, configurations, constructions and dimensions. Numerous
references, including patents and various publications, are oited and discussed in the description
of this invention. The citation and discussion of such references is provided merely to clavify the
description of the present invention and is not an admission that any reference Is prior art to the
invention described herein. Al references cited and discussed 1n this specification are
meotporated herem by reference in thear entivety. Varistions, modifications and other
implementations of what is described herein will ocour to those of ordinary skill 1w the ant
without departing from the spirit and scope of the nvention. While certain embodiments of the
present mrvention have been shown and deseribed, # will be obvious to those skilled 1 the art
that changes and modifications may be made without departing from the spirit and scope of the
mvention. The matter set forth in the foregoing deseription is offered by way of illustration only

and pot as a Boniation,
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SEQUENCES:

2148-bp dsDNA (SEQ ID NO: 1)
CGAACGTGUCGAGAAAGGAAGGGAAGAAAGCGAAAGHAGUGGGCGO TAGGGOGCT
GGCAAGTGTAGCGGTCACGLTGOGC
GTAACCACCACACCCGOCGOGCTTAATGCGOCGE TACAGGGUGTGTOGUGUCATTOG
CCATTCAGGOTGCGOAATTGTTG
GOAAGGGCGATCGGTECOGOCCTCTICGO TATTACOUCAGC TOUGCGAAAGGOGHAT
OGTGCTGCAAGGUCATTAAGTTGGG
TAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTOTAAT
ACGACTCACTATAGGGCGAATTA
ATTCCGGTTATTTICCACCATATTGCCGTCTITTGGCAATGTGAGGGCCCGGAAACCT
GGCCCTGTCTTOTTGACGAGCA
TTCCTAGGGGTOTTICCCOTOTCGUUAAAGGAATGCAAGGTC TG TTGAATGTCGTGA
AGGAAGCAGTTCCTCTGGAAGCT
TCTTGAAGACAAACAACGTCTGTAGCGACCUTTTGUAGGCAGUGGAALCCCCCACCT
GOCGACAGGTGCCTCTGCGGOCA
AAAGCCACGTGTATAAGATACACCTGCAAAGGCGGCACAACCUCAGTGCCACGTTS
TGAGTTOGATAGTTOTGOAAAGAG
TCAAATGGUTCACCTCAAGUGTATTCAACAAGGLGUTOGAAGOATOGCCCAGAAGGTA
CCCCATTOTATOGGATCTGATCTG
GGGCCTCOGTGCACATGUTTTACATOGTGTTTAGTCCAGGTTAAAAAACGTCTAGGCC
CCCCGAACCACGOGOACGTGGTT
TTCCTTTGAAAAACACGATGATAATATGGUCCACCACCACCACCACCACCTGGOCAC
CACCCATATGGGATCCGAATTCG
ATATCTTAATTAAGCTGCAGGAGCTCGTOGACGOGGOUGCACTCGAGTGAGATOTGA
CTGAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAGTTITAAACACTAGTUCGUTGAGCAATAACTAGCATAACCCCTTIGGG
GCCTCTAAACGGGTCTTGAGGGGT
TTITTGUTGAAAGGAGGAACTATATCCGGGCTICCTCGOTCACTGACTCGCTGOGCT
CGGTCGTTOGGCTGCRGOGAGCG
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GTATCAGCTCACTCAAAGGUGOTAATACGUTTATCCACAGAATCAGGGGATAALGC
AGGAAAGAACATGTGAGCAAAAGG
CCAGCAAAAGGUCAGGAACCAETAAAAAGGUCQUGTTGOTGGUOGTTTTTCCATAGGO
TCCGCCCCCCTGACGAGCATCACA
AAAATCGACGOTCAAGTCAGAGGTOCGUGAAAUCCGACAGGAUTATAAAGATACCAG
GCGTTTCOCCCTGGAAGCTCCCTC
GTGCGUTCTCCTOGTTCCGACCOTGCCGCTTACCOGATACCTOTCCGUCTTIOTCOCTTY
CGGOAAGCOGTGGUGUTTTCICA
TAGCTCACCGCTOTAGUGTATCTCAGTTCGOGTOTAGGTCGTTCOUTCCAAGCTOGOGUTE
TGTGCACGAACCCCCOGTTICAGCT
CCCACCOCTOUGUCTTATCCGUTAACTATCOTUTTGAUTCCAACCUGOTAAGACACG
ACTTATCGCCACTGGCAGCAGCC
ACTOGTAACAGOATTAGCAGAGUGAGOTATGTAGGUGHTGUTACAGAGTTCTTGAA
GTGOTGGUCTAACTACOGGUTACAC
TAGAAGGACAGTATTTGOTATCTGCGCTCTOGUTGAAGCCAGTTACCTTCGGAAAAAG
AGTTOGTAGUTCTTGATCCGGLA
AACAAACCACCGUTGGETAGCLGGTOGTTTTTITTGTTTGCAAGCAGCAGATTACGCGTA
GAAAAAAAGGATCTCAAGAAGAT
COTTTGATCTTITTCTACGGOGTCTCGACGCTCAGTGOAACGAAAACUTCACGTTAAGGG
ATTTTGGTCATGAGATTATCAAA
AAGGATUTTCACCTAGATCUTTTTAAATTAAAAATOAAGTTTTAAATCAATCTAAAL
TATATATCGAGTAAACTTGGTCTG
ACAGTTACCAATGCTTAATCAGTGAGOCACCTATCTCAGCGATCTGTCTATTICGTTC
ATCCATAGTTGCCTGACTCCCC
QTCGTGTAGATAACTACGATACGGGAGOGGUTTACCATCTGGUCCCAGTGUTGLAATG
ATACCGLGAGA

8-bp ssDNA-L {SEQ 1D NO: )
AAAGCCACGTOTATAAGATACACCTOCAAAGGUGOGCACAACCCCAGTGUCALGTTG
TCAGTTGUGATAGTTGTGGAAAGAG
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B0-bp ssDNA-2(SEQ ID N 3)
CTCTTTCCACAACTATCCAACTCACAACGTGGCACTOQUGGTTGTGUCCGUCTTTGCAG
GTGTATCTTATACALCGTGGOTTY

erRNA S80 (SEQ (D NO: 4)
AGAUVACACCUGCAAAGGCGGGUUUUAGAGUUALGCU

crRNA 83 (SEQ D NO: §)
GGUACUGGGGUUGUGCCQCCOQUUUUAGAGCUAUGOU

DNA template (SEQ 1D NG 6) for transcribing isgRNA 580 (17 promaoter)
TAATACGACTCACTATAGGAGATACACCTGCAAAGGUGOGTTTTAGAGUTAGAAAT
AGCAAGTTAAAATAAGGCTAGTCC
GTTATCAACTTGAAAAAGTOGCACCGAGTOGOTGCTTTITTITITITTACACGGUGGAAA
CGTCCACATAGAATAT

DNA template (SEQ ID NO: 73 for franscribing isgRNA 5891 {T7 promoter)
TAATACGACTCACTATAGGCACTGGGOTTGTGUUGCOGTTTTAGAGUTAGAAATAGC
AAGTTAAAATAAGGCTAGTCCGT
TATCAACTTGAAAAAGTOGCACCOAGTCOGGTGUTTTTITTTITGTTTCCGLCAGTGTTG
GGGTCACGGTGCA

IRNA 580 (SEQ 1D NO: §)
JGUGUCGCCUUUGCAGGULGUAUCUTIATUA
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IRMA S (SEQ DN 9)
CAAAGGUGGUACAACCCCAGUGLCALGU

DNA template (SEQ 1D NO: 10) for transcribing sgRNA 586 (T7 promoter)
TAATACGACTCACTATAGGAGATACACCTGUAAAGGUGGGTTTTAGAGUTAGAAAT
AGCAAGTTAAAATAAGOGCTAGTCC
OTTATCAACTTIGAAAAAGTOGUACCGAGTUGOTGOTTY

DNA tempdate (SEQ 1D Nt 11} for transcribing sgRNA 881 (T7 promoter)
TAATACGACTCACTATAGGCACTGGGGTTOTGUOGCCGTTTTAGAGUTAGAAATALC
AAGTTAAAATAAGGCTAGTCCGT
TATCAACTTGAAAAAGTOGGCACCCAGTCGGTGCTTT
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What is claimed 12

1. A system that fargets a targe! sequence in g double-stranded DNA| the system comprising:
{1} & first RNA comprising

{8} a first segment that hybridizes with the target sequence i a target strand of the
double-stranded DNA and

(b} a second segment that hybwidizes with the first segment to form a double-stranded
protein-binding motif;
{11} a second RNA that hvbridizes with a sequence in a non-target strand of the double-stranded
DINAC and
{11} a Cas enzymoe or & varant thereof,

wherein the first RNA forms a complex with the Cas enzyme or g variant thereof,

2, The system of clatm 1, wherein the second RNA has about 14 to about 34 nucleotides,

3. The system of clatm 1, wherein the targel sequence is not immediately flanked by s

protospacer adjacent motif (PAM}.

4. The systern of claim 1, wherein the target sequence is immediately flanked by a protospacer

adjacent mouf {PAM).

3. The systern of claim §, wherein the Cas enzyme s Cas9, Casl, CasiB, CasZ, Cas3, Casd,
Cash, Cash, Cas?, CasB, Casll, Ceyl, Osy2, OUsyd, Usel, CseZ, Csel, Use?, Csal, CanZ, s,
Cam3, Csmd, CsmS, Csm6, Cnwl, O3, Cioed, CoweS, Cnar6, Cshl, Csh2, Gsh3, Csx17, Csx 14,
Csx10, Csxl6, CaaX, Csx3, Csxl, Csx 15, Ceft, Gsi2, Gsf3, Cstd, Cpfl, homologs thereof,
orthologs thersof, or modified versions thereof.

& The system of clainy 1, wheretn the Cas enzvime is Cas®.

7. The system of claim 1, wherein the Cas enzyme comprises one of more molations.
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& The system of claim 1, wherein the Cas enxyme i3 codon-optimized for expression in g

gukaryotic cell.

9. The systemt of claun 8, wherein the sukarvotic cell is a soammahan or human cell.

10, The svstem of claim 1, wherein the Cas enzyime or a vanant thereof cleaves the target

sequence.

11, A DNA-~targeting RNA comprising:

{1) a first segment that hybridizes with a target sequence in 3 target strand of 3 double-stranded
DNA;

{11} a second segment that hyvbridizes with the first segment to form a double-stranded protein-
binding motf; and

{111} & third segment that hybridizes with a sequence in a non-target strand of the double~stranded
DINA,

wherein the RNA forms a complex with a Cas enzyme or a-variaut thereof,

12, The RNA of clgim 11, whergin the third segment has about 14 10 about 34 nucleotides,

13, The RNA of claitm 11, wherpin the target sequence is not inunedistely flanked by

protospacer adjacent motit (PAM )

14 The RNA of claim 11, wherein the target sequence is immediately flanked by a protospacer

adjacent motif (PAM 1

15, The RNA of vlaim 11, wherein the Cas enzvine i3 Cas?, Casl, CaslB, Cas2, Cas3, Casd,
Uass, Cas6, Cas?, Cas8, Casl0, Osyl, COsy2, Osy3, Csel, TseZ, Csel, Used, Csal, Csn2, Cam2,
Cam3, Csmd, Csmb, CUsmd, Cowel, Coned, Cowd, CoweS, T, Csbl, Csb2, Csb3, Usx17, Csxl4,
Cax 10, Cax1, UsaX, Usx3, Tsd, Cax s, Csfl, sl Osf3, Ostd, Cpfl, homologs thereot

orthologs thereof, or modified versions thereof.
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16, The RNA of claim 11, wherein the Cas enzyme is Cas?,

17. The BNA of clamm 11, wherein the Cas enzyme or a variant thereof cleaves the tarpet

SeQUENCS.

18, A DNA polynucleotide encoding the RNA of claim 1L

19, A vector comprising the 2NA polvnucleotide of clamm 18

200 A cell comprising the DNA polynucieotide of claim 18,

21 A sysiem that targets a target sequence i a double-stranded DNA| the svstem compriging:
{1} a first RNA that hyvbridizes with the target sequence in a target strand of the double-stranded
PINAC and

{11} a second RNA that hybridizes with the first KNA to form a double-styanded protein-binding
mwotif,

{311} a third RNA that bybridizes with a sequence in a non-target strand of the double-stranded
DNA? and

{iv} a Cas enzyme or a vanant thereof.

22 The system of claim 21, wherein the thyrd RNA has abouot 14 to about 34 nacleotides.

23 The system of claim 21, wherein the target sequence is not inumediately flanked by a

protospacer adjacent motif (FAM).

24. The system of claim 21, wheretn the target sequencs is inunediately flanked by a protospacer

adjacent mott (PAM}.

250 The system of claim 21, wherem the Cas enzyme is CasY, Casl, CaslB, Cad, Casl, Cagd,

Csm3, Csind, Cam3, Csmty, Canrl, G, Coned, Coor3, Cinrd, Cabl, GebZ, Tsb3, Caxd 7, Csxid,

Cans, Casd, Cas7, Cas®, Caslo, Covl, Covd, Csy3, Csel, Cxe, Usel, Cse2, Csals, Csn2, Csm?2,
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Cax 10, Cax1o, CsaX, Osx3, O, OsxdS, s, Os82, Oaf3, O, Opfl | homologs thereof,

orthologs thereof, or modified versions thereof.

26. The system of claim 21, wherein the Cas enzyme is Cas®.

28 The aystem of clann 21, wherem the Cas enzyiue or @ variant thersof cleaves the target

SEYUENTE,

29 A system that fargets a target sequence in a double-stranded DMNA, the system comprising:
{1} a first IINA polynucteotide encoding a first RNA, the first RNA comprising:

{8} r first segment that hvbridizes with a target sequence m a targe! strand of the double-
stranded DNA; and

(b} a secomd segment that hybridizes with the first segment o form a double-stranded
profem-binding moiif;
{it) a second DINA polymucleotide encoding a second RNA, wherain the second RNA hybridizes
with a sequence m g non-farget strand of the double-stranded DNA; and

{iti} a third DNA polynucieotide encoding a Cas enzyine or a vaviant thereof,

30. The system of clatm 29, wherein the first DNA polvoucleotide, the second DNA

polynucleotide, and the third DNA polynucleotide are within a vector,

31, The system of claim 29, wherein the first DNA polynucieotide, the second DNA

polynucieotide, and the third DINA polynuclentide are located on different vectors.

32. The system of clana 29, wherein the second RNA has about 1410 about 34 nucleotides,

33, The svstem of clatm 39, wherein the target sequence is not immediately flanked by a

protospacer adjacent motif {PAM).
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34, The system of claim 29, wherein the target sequence is numediately flanked by a protospacer

adjacent motif (PAM}

35, The svstem of claim 29, wherein the Cas enzyme 15 Cas9, Casl, CasiB, Cas2, Cas3, Casd,
{Cash, Case, Cas?, Cas8, Cas1l, Csyl, Cuy2, Csy3, Osel, Cse2, Csel, Cacl, Csal, Can2, Csm2,
Csm3, Csmd, CsmS, Csmé, Cowl, Cowd, Coed, CanS, T, Cshi, Csh2, Csh3, Csx17, Csx 14,
Csx 18, Csx 16, CsaX, Usx3, Csx 1, Csx 1§, Csfl, Csf2, Csf3, Csid, Cpfl, homologs thereof,

orthologs thereof, or modified versions thereof.
36, The svstem of clain 29, wherein the Cas enzvme s (as9.

37. The system of claim 29, wherein the Cas enzyme or a vanant thereof cleaves the target

SQQUEnes,

38. A system that targets a target sequence in a double-stranded DNA, the system comprising:
{1} a first DNA polyuuckeotide encoding a first RNA, the first RNA comprising

{a} a first segment that hvbridizes with a target sequence n a farget strand of the double-
stranded DNA; and

(1) a second segment that hybridizes with the first segment to form a double-stranded
protein-binding motif; and

{e) a third segment that hybvidizes with a segoence i a non~target strand of the double-
stranded DNA;

{11} 2 second DNA polynacleotide encoding a Cas enzyme or a variant thereof.

39. The svstem of claim 38, wheremn the first DNA polynucieotide and the second DNA

polynuclectide are within a vector.

40, The system of claim 38, wherein the first DNA polynucleotide and the second DNA

polynacieotide are located on different veotors.

41, The system of claim 38, wherein the thind segment has ghout 14 to about 34 nucleotides.

70



WO 2017/205290 PCT/US2017/033835

42, The svstem of claim 38, wherein the target sequence 15 not immedintely flanked by a

protospacer adjacent motif (PAM}.

43, The system of claim 38, wherein the target sequence i1s numediately flanked by 2 protospacer

adjacent motif (PAML

44. The system of claun 38, wherem the Cas eneymie 8 {as®,

43, The svatem of claim 38, wherein the Cas enzyme or a variant thereof cleaves the target

sequenge.

46, A systom that targets @ target seiquence in a double-stranded DNA, the system comprising:
{1) a first DNA polynacleotide encoding a first RNA, wherein the first RNA hybridizes with a
target sequence in g target strand of 8 double-stranded DNA

{11} a second DNA polymucleotide encoding a second RNA, wherein the second RNA hybridizes

with the first RNA fo form a double-sivanded protein-binding motif;

sequence i a non-target strand of the double-stranded DINA; and

{iv} a fourth DNA polvnucleotide encoding a Cas enzvme or 4 vanant thereof

47. The system of claim 46, wheremn the first DNA pobvanclectide, the second DNA
polynucteotide, the third DNA polynucieotide, and the fourth DINA polynucleotide ave within a

vector,
48. The system of claim 46, wherem the first DNA polynuclectide, the second DA
polynucleotide, the third DNA polynucieotide, and the fourth BNA polynucleoiide are located on

different vectors.

49, The system of claim 46, wherein the third RNA has about 14 1o about 34 nucleotides,
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50, The system of clain 46, wherein the target sequence is not immediately flanked by a

protospacer adjacent motif (PAM)

51 The system of claim 46, wherein the target sequence 18 immediately Hanked by a protospacer

adjacent motif (PAM).

S2. The system of clam 46, wherein the Cas enzyme 18 Cas®.

53, The system of claim 46, wheremn the Cas enzyme or g variant thereof cleaves the thrget
sequence,

54, A kit compriging the system of any of claimg 1-10 and 2133,

55, A muethod of targeting a target sequence in a double-stranded DNA, the method comprising
the step of contacting the double-stranded DNA with a system comprising:
{1} a first RNA, or ¢ DNA polynucleotide encoding a first RNA, wherein the first RNA
comprises:

{a}a first segment that hybridizes with g target sequence in g target steand of the double-
stranded DINA;

(b » second segment that hybridizes with the Hrst segment to form a double-stranded
profein-binding motif]
(i1} a second RNA, or g DNA polynucleotide encoding a secend RNA, wherein the second RNA
hybridizes with a sequence inv & non-targel strand of the double-stranded DNA; and

polynucleotide encoding a Cas enzyme or 8 vanant thereof.

56, The method of claim 55, wherein the second RNA has about 14 to about 34 mucleotides.

57 The method of clann 55, wherain the target seguencs s not inmaediately flanked bva

protospacer adjacent motif {PAM).

3
t3
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58, The method of claum 58, wheremn the t8rget sequence 18 inmediately flanked by a

protospacer adiacent motif (PAM).

39 The method of ¢laim 53, wherein the Cas enzgyme 1s Cas?,

60, A method of targeting a targst sequence in a double-siranded DNA, the method comprising
the step of contacting the double-stranded DNA with a system comprising
{1} a DN Asfargeting RNA, or a DNA polynucleotide encoding s DNA-targeting RNA, wherem
the DNA-fargeting RNA comprises:

{a) a first segment that hybridizes with a target sequence in a target strand of the double-
stranded DNA;

{b} 8 second segment that hybridizes with the first segment to form a double-stranded
proteir-binding motif, and

{¢) a third segment that hybridizes with @ sequence in 8 npon-target strand of the double-
stranded DNA; and
(it} & Cas enzyme ot 4 variant thereof, or a DNA polynuclectide or a RNA polynucleotide

encading a Cas enzyme or 3 variant thereof.

61, A method of targeting a target sequence m a double-stranded DNA in a cell, the method

comprising the step of nreducing into the cell 2 system comprising:

{1} 8 first RNA, or a DNA pelynucleotide encoding a fivst RNA, whersio the first RNA
COMPIISes:

{a} a first segment that hybndizes with 8 target sequence in 8 target strand of the double-
stranded DNA L and

(b} a second segment that hybridizes with the Hirst segment to form a dovble-stranded
protein-binding motif; and
{11} a second RNA, or a DNA polynucleotide encoding a second RNA, wherein the second RNA

hybridizes with a sequence in & non-target strand of the double~-stranded DNA.

62, The method of clanm 81, wherein the cell expresses a Caz enzyme,

=
[P
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63, The method of clamm 61, further comprising delivering into the cell {1} a DNA polynuclentide
encoding 8 Cas enzyme or a vanant thereof, (1) a RNA polymacleotide encoding a Cas enzvme

or & variant thereof, or (i1} 8 Cas enzyme or a variant thereof.

o4, A method of targeting a target sequence i g double-stranded DNA in g celdl, the method
comprising the step of introducing into the cell a DNA~targeting RNA, ora DNA polynucleotide
encoding & DNA-targeting RNA, wherein the DNA-targeting RNA comprises:

{a} a fivst segment that hybridizes with 8 target sequence m g target strand of the double-
stranded DNA;

{b} a second segment that hybridizes with the first segment to form a doable-stranded
protein-binding motif, and

{o}r thurd segrnent that hybridizes with @ sequence i g non-target strand of the deuble-
stranded DNAL

65, The method of claim 84, wherein the cell expresses a Cas enzyme.
66, The method of claim 64, further comprising delivering into the cell {i} a DNA polynucleotide

encoding a Cas enzyme or a vanant thereot, (11} a RNA polynucleotide encoding a Cas enzyme

or a variant thereof, or (1) a Cas enzyme or a variant thereof
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